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Abstract 
 
Thermotropic Liquid Crystal Polymers (TLCPs) are advanced high temperature processing         
polymers with unique physical properties. They contain rigid rod like molecules, which exhibit 
structural orientation during the flow process at one or two dimensional levels. This structural 
orientation makes the rheological properties of TLCPs often extraordinary. The rheological 
properties of TLCPs in injection moulding are still not well understood. 
In this study, the rheological and morphological property of four thermotropic filled and unfilled 
TLCPs were investigated from low to high shear rate regions. The effect of incorporation of 
fillers and their orientation with shear was also investigated. Thermal analyses were conducted 
to identify the phase transition behaviour. In addition, wide angle x-ray diffraction (WAXD) 
was conducted to find out the crystallization peak. PVT experiments were carried out to find out 
the abnormal volume change/shrinkage. Low shear rheology was conducted by the ARES 
rheometry and high shear rheology was conducted by the CEAST capillary rheometry.   
The FTIR experiment reveals the presence of major constituents (i.e. cyno and phenyl mesogen 
groups, CH aromatic deformation, CH2 asymmetric alkyl chain and Amide (I) in TLCPs.  
Aspect ratio of fibers as well as orientation of the rod like molecules and the fillers with 
application of shear were determined by the ESEM study. DSC measurements specified a sharp 
peak for the melting point of all four samples. However, small and broader peaks were observed 
for nematic isotropic (TN-I) transition temperature. 
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The rheological behaviour of TLCPs is highly dependent on thermal and deformation histories 
compared to conventional polymers. The initial identical conditions were carefully maintained 
to get reproducible rheological data. The dynamic rheological measurements were used to 
determine the molecular weight distribution (MWD). The nematic-isotropic phase transition 
temperature was also confirmed by dynamic rheological measurements. From this study, it was 
determined that the nematic-isotropic phase transition occurred only at low shear rate region 
with the increase of temperature. In addition, hysteresis was observed for the dynamic moduli 
data in the low shear rate region for forward and reverse direction measurements, which 
indicated time dependent rheology and shear induced crystallization of LCPs. WAXD 
measurements confirmed the shear induced crystallization in LCPs. The architecture and 
morphology of LCP molecules varied with temperature and shear rate, which makes LCP 
thermo-rheologically not simple. 
The negative first normal stress difference (N1) is one of the most important rheological 
characteristics observed for these LCPs, which is very uncommon for thermotropic LCPs. In 
this study, it was revealed that filled LCPs (aspect ratio of filler greater than 100) exhibited the 
negative first normal stress difference, N1 in the low shear rate region. Moreover, in the high 
shear rate region (shear rate > 2000 s -1) the viscosity of filled LCPs showed more shear thinning 
behaviour compared to the unfilled LCPs due to the rheological hybrid effects (a phenomenon in 
which the melt viscosity of a ternary polymer blend decreases with increasing filler loading, 
influenced by the minor polymer phase in the blend) (Ding et al., 2006). 
Very limited research has been conducted for the rheological modelling of liquid crystal 
polymers at high shear rate. None of the available rheological models for LCPs has been used to 
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model the flow in any injection moulding process. The current lack of suitable models prevents 
the progress in processing of LCPs.  
The complicated rheological properties and characteristic anisotropic properties of TLCPs has 
been investigated by simulating the recently developed Leonov’s viscoelastic constitutive 
equations. The simulated viscosities have been compared with experimentally measured 
viscosity data, indicating a good fit in the shear rate range of 10 to 2000 s-1.  For unfilled 
TLCPs, good comparison has been observed between the simulated values of N1 and positive 
experimental data.  The rectangular hyperbolic model also fitted well with the positive first 
normal stress data of LCPs. For filled TLCPs the model does not predict negative values of N1 
even though the experimentally determined values are negative. The modelling of this behaviour 
remains a challenge to the rheologist.  
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Chapter 1 
Introduction 
1.1 Background  
 
In general, materials exist in three phases: solid, liquid, and gas. However, this representation is 
not completely correct. Some materials, mostly organic, do not have a single solid to liquid 
transition. As an alternative, they show one or more transitional phases. These transitional 
phases are known as liquid crystalline phases, or meso-morphic phases (mesophases). These 
show structures intermediate between those of a crystalline solid and a liquid. The liquid 
crystalline state has been known for over one hundred year(Gray, 1998). 
Due to the existence of biphasic (mixture of solid and liquid phase even in molten state) nature, 
the rheological properties of (Liquid Crystal Polymers) LCPs are extraordinary. Since the 
discovery of LCPs, considerable work has gone into trying to understand the properties of liquid 
crystals and how these relate to molecular structure.  Regardless of this, there exists only a 
limited understanding of how changes in molecular structure affect material properties. Liquid 
crystal polymers (LCPs) consist of rod like molecules and often called “self-reinforcing 
thermoplastic” (Ophir and Ide, 1983). The rheological behaviour as well as development of 
orientation is similar to the short fiber-filled composite. Numerous studies have established that 
liquid crystal polymers (LCPs) exhibit many anomalous rheological properties. These 
anomalous behaviours attract much attention to the researcher.  
The commercial introduction of liquid crystal polymers did not occur until 1984 since liquid 
crystal polymers could not be injection moulded till then. Nowadays, liquid crystal polymers 
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can be melt processed on conventional equipment at fast speeds with excellent replication of 
mould. 
1.2 Problems associated with processing of LCPs 
 
Whenever a LCP (Binet et al., 2005, Berry et al., 1991) is subjected to a shear field, there is a 
molecular reorientation process taking place resulting in the formation of a polydomain structure 
of randomly oriented nematic micro domains which finally lead to a behaviour similar to  any 
other isotropic normal polymer. The alignment of the molecular domains now results in a 
different kind of texture evolution within the material subjected to shear flows. LCPs depict a 
typical tumbling behaviour under shear flow (The direction of molecular orientation rotates 
continuously in a shearing flow) resulting in a different micro structural and texture evolution. 
The unique structural behaviour of LCPs results in a flow geometry and pressure dependent 
viscosity behaviour making the analysis of the material under shear flow (such as in a mould) 
difficult. Based on the microstructural evolution the shear viscosity of the LCP can be divided in 
to three specific regions.  LCPs do tend to show a shear thinning behaviour but in most cases do 
not show a plateau region or a zero shear viscosity making the use of simpler rheological models 
difficult (Feng and Leal, 1997, Johnson and Porter, 1974, Sgalari et al., 2002). The other 
anamalous behaviours such as abnormal temperature dependency, negative first normal stress 
difference of LCPs play an important role in processing as well as in simulation. 
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1.3 Injection Moulding 
 
Injection moulding is one of the most widely employed polymer processing methods, being 
characterized by high degree of automation, high productivity and good dimensional stability of 
mouldings. Moulding of precise plastic optical parts such as compact disk (CD or DVD 
substrate) and light-guide plate (LGP) is one of the most important concerns in the industry 
today. In comparison with conventional optical glass parts, plastics offer several significant 
advantages including light weight and low cost. An additional benefit of injection moulding is 
the ability to make the products with complicated shapes, such as various fitted-joints that can 
be moulded in a one-shot process. In injection moulding, the molten plastic begins to solidify 
along the mould walls immediately after it enters the mould. The solidifying region is described 
as a ‘frozen layer’ in the literature (Ballard and Zedalis, 1998, Kennedy, 1995). Understanding 
of all the variables of the injection moulding process and their impact on successful processing 
is particularly important for manufacturers who require tight tolerance and unique performances. 
Equipment design, material performance, process variables, and part design specifics all 
contribute to the quality of any injection-moulded plastic part.  
1.4 Simulation approaches for LCPs 
 
 Based on the above mentioned behaviour the shear rheology of LCPs can only be accounted  
properly if a microstructural parameter is also included in the conventional rheology models 
such as the cross equation. The Williams- Landel- Ferry (WLF) equation due to its empirical 
nature is found to be suitable for LCPs since the constants present in the WLF equation can be 
made to fit any kind of shear flow behaviour and hence can be used to describe the shear flow 
4 
 
behaviour and the temperature dependency for LCPs as well. However, the complexity arises 
because the matrix model for LCP should take into account the microstructural evolution within 
the material since the final properties of the moulded parts will depend on the local 
microstructure of the material. Also the texture of the parts will be a function of the overall 
macrostructure and hence the inclusion of the microstructural parameters is justified.   
Much research in the last few decades focused on the simulation of LCPs for various processes. 
Leslie-Ericksen (LE) theory describes the flow behaviour and molecular orientation of many 
LCPs.  LE model is limited to low shear rates and weak molecular distortions. But at high shear 
rate the rate of molecular distortions is too fast. Doi and Edwards developed the model to 
describe the complex dynamics of macromolecules at high shear rate (Doi and Edwards, 1978). 
Doi theory is applicable to lyotropic LCPs of small and moderate concentrations. Due to the 
complex nature of Doi theory, it is also challenging for simulation. Leonov’s continuum theory 
of weak viscoelastic nematodynamics, developed on the basis of thermodynamics and 
constitutive relations and also consider the nematic viscoelasticity, deformation of molecules as 
well as evolution of director.  
The processing of LCPs in injection moulding is also complicated. Given the above set of 
challenging conditions, simulation of the injection moulding process is essential during the 
design and analysis prior to the manufacture of a plastic part. The software for injection 
moulding relies heavily on accurate material flow behaviour data.  The fluidity or ease of flow is 
determined from a viscosity model at the conditions encountered during moulding.  It is still a 
matter of great interest for simulation of LCPs during injection moulding. Yet none of the four 
rheological models for LCPs mentioned and described earlier has been used to model the flow 
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in any injection moulding process. The current lack of such models prevents the progress in 
processing of LCPs. 
Considering the features of the LCPs and its simulation approaches for injection moulding have 
generated considerable recent research interest. 
 
 
1.5 Scopes of this Research  
 
The injection moulding process highly depends on the geometry of the mould. In general LCPs 
consist of rod like molecules. In addition the molecules of LCPs also behave as self-reinforced 
polymer like short fiber filled composite. The orientation of rod like molecules (for unfilled 
LCPs) as well as fiber (for filled LCPs) are complex and are greatly influenced by the geometry 
of mould cavity. In this study, the rheological properties of LCPs are considered only in the 
injection (spray) part of the injection moulding process. 
This research is focused on both experimental and simulation study of the injection moulding 
process using two filled and two unfilled LCPs.  
Experimental studies are mainly:  
• Rheological characterisations (low and high shear ) of the melt  
• Thermal analysis of LCPs 
• Environmental Scanning Electronic Microscopy (ESEM) images of LCPs and fibers  
• Wide angle X-ray diffraction (WAXD) of LCPs 
• PVT analysis 
• Use of Mathematica software for simulation 
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 Experimental data of rheological properties (e.g., zero shear viscosity, and melt relaxation time)  
will be used in simulations with the help  of  Leonov’s model. Experimental verifications will be 
accomplished using two filled and two unfilled LCPs for this model. 
1.6 Aim and Objectives of this research 
 
The aim of this research is to study the rheology of liquid crystal polymer for injection 
moulding process. After characterization of liquid crystal polymers, the best possible 
rheological parameters will be used for simulating a rheological model to incorporate in the 
injection moulding software.  
Hence the objectives of this research are  
 To identify the simple rheological constitutive equations available for LCPs 
 To determine the physical parameters that are important for simulation or developing 
model 
 To identify which rheological properties of LCPs will be measured and what will be 
their importance with respect to the simulation/modelling of a chosen theory 
 To obtain accurate rheological data of selected LCPs at high and low shear rates 
 To simulate the rheological properties using the chosen model and  
 To validate the suitability of the chosen model with the use of the experimentally 
measured rheological data and determine their limitations. 
 1.7 Application of LCPs 
 
Liquid crystal polymers have some extraordinary features (i.e. high heat resistance, good 
chemical resistance, low warpage), high flow, good dimensional stability, good adhesion , good 
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heat aging resistance, high temperature strength etc.), which significantly increased attention to 
many areas of science and engineering, as well as device technology. Applications for this 
special kind of material are still being discovered and continue to provide effective solutions to 
many different problems. 
The most common application of LCPs in modern era is Liquid Crystal Displays (LCDs). This 
field has grown into a multi-billion dollar industry, and many significant scientific and 
engineering discoveries have been made (Andrienko, 2006) . LCPs are also used to manufacture 
Liquid Crystal Thermometers and Optical Imaging.  Low molar mass (LMM) liquid crystals 
have applications including erasable optical disks, full color “electronic slides” for computer-
aided drawing (CAD), and light modulators for color electronic imaging. LCPs are used for 
nondestructive mechanical testing of materials under stress. This technique is also used for the 
visualization of RF (radio frequency) waves in waveguides. In medical applications the use of 
LCPs are very prominent, for example, in transient pressure transmission.  
1.8 Description of chapters 
 
As mentioned earlier, this research has two major components:  i) Experimental and ii) 
Numerical. Experimental work was initiated with the rheological experiments of two filled and 
two unfilled LCPs. The details of this research are presented in the following chapters:   
Chapter-2 represents the detailed rheological studies of LCPs as well as recent developments on 
LCPs. Brief description of mathematical models and their limitations for simulation are also 
discussed in Chapter 2.  
Chapter-3 describes the experimental equipments and the procedures used in this study, work 
for the measurements of different properties related to the characterizations of filled and unfilled 
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liquid crystal polymers. In addition the sources of error arising from experimental measurements 
and the techniques applied to correct or eliminate them are also discussed in this chapter. 
Chapter-4 provides analysis of the results obtained from the experimental work performed 
during the course of this research work. Structure and morphology of the liquid crystal polymers 
also are discussed in this chapter. 
Chapter-5 describes the brief mathematical derivation of Leonov’s viscoelastic 
nematodynamics, the simulation procedure, choice of model parameters and validation.   
Chapter-6 reports the achievements and conclusions of this research.    
An Appendix section is also added to provide some experimental data of LCPs, the 
programming output (using Mathematica software) used to simulate  viscosity and first normal 
stress difference are not included in the main body of the thesis. 
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Chapter 2 
Literature Review 
 
2.1 Liquid Crystal Polymer 
 
Liquid crystals (LCs) have material properties between those of a conventional liquid and a 
solid crystal (Chandrasekhar, 1994). It has long-range molecular order somewhere between the 
crystalline state, which exhibits three-dimensional order, and the  disordered isotropic fluid state 
(Marrucci, 1991). The molecules in a crystal are ordered whereas in a liquid they are not. In 
1888, Austrian botanical physiologist Friedrich Reinitzer, first observed the liquid crystalline 
behaviour. He found that cholesteryl benzoate does not melt in the same manner as other 
compounds and has two melting points.  It melted first into a cloudy liquid and then melted 
again to become a clear liquid (Reinitzer, 1888). Bawden et al. first reported about the 
polymeric liquid crystal in 1937 (Bawden et al., 1936). They observed that the tobacco mosaic 
virus formed two phases above the critical concentration. 
Liquid crystalline phase is also known as mesomorphic phase or mesophase. Mesomorphic 
phase can be defined as the intermediate form between liquid and crystal (de Gennes and Prost, 
1993). These materials are not crystalline and may not even be liquid, but exist in a stable 
intermediate phase between the liquid and crystalline states. Figure 2-1 represents the 
orientation of molecules in different phases. 
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Figure 2- 1: (a) Solid Crystal, (b) Liquid crystal phase (mesophase) (c) isotropic liquid phase    
(Singh, 2000). 
 
2.1.1 Types of LCPs  
 
In general LCPs can be classified as Thermotropic Liquid Crystal Polymer (TLCP) and Lytropic 
Liquid Crystal Polymer. Liquid Crystal Polymers (LCPs) whose phase transition to the liquid 
crystalline phase occurs due to change in temperature, are called thermotropic liquid crystal 
while a phase transition by changing the polymer concentration in a solvent (as well as 
temperature) is called lyotropic liquid crystal (Brostow, 1992). 
2.1.2 Phases of LCPs  
 
Three major mesophases have been identified to describe the liquid crystalline phase: nematic, 
cholestoric and smectic (Singh, 2000).  In nematic mesophase the molecules have no positional 
order but have a long range orientational order. But in cholestoric phase molecules possess 
different positional order and different positions exhibit different orientational order. In smectic 
phase molecules rotate with positional and orientational order. 
 
(a) (b) (c) 
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    (a) Nematic   (b) Cholestoric   (c) Smectic 
Figure 2- 2: Three basic structures of LCP phases (Crystal). 
 
On the basis of the location of the mesogenic group ( A part of a molecule or macromolecule 
endowed with sufficient anisotropy in both attractive and repulsive forces to contribute strongly 
to mesophase  or, in particular, liquid crystal mesophase   formation in low-molar-mass and  
polymeric substances (White et al., 2004)),  LCPs are divided into two kinds: main-chain liquid 
crystal polymers (M.C. LCPs) and side-chain liquid crystal polymers (S. C. LCPs). In the M.C. 
LCPs, the mesogenic groups form the backbone of the molecular chains whereas in the S.C. 
LCPs, the mesogenic units link to a polymer backbone (Tai-Shung, 1986). The spacer between 
mesogenic groups in M.C. LCPs, or between the backbone and mesogenic units in S.C. LCPs, is 
sometimes necessary to form the LC phase. In general, the mesogenic units have the appearance 
of ellipsoids, but flat and disk shapes have also been observed in LCPs (Helfrich and Heppke, 
1980). The mesogenic units in LCPs usually  consists of at least two linear substituted cyclic 
units that may or may not be linked by a short rigid central bridging group (Finkelmann and 
Rehage, 1993, Tai-Shung, 1986). The main constituents of spacer are either a combination of a 
functional unit (an ester or an ether) with a polyethylene, a polyethylene glycol, or something 
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else (Gray and Windsor, 1974). In figure 2-3, the box represents the rigid central part of 
mesogenic monomer and zigzag represents the flexible part. 
 
S.C.LCPs  
 
 
 
 
M.C. LCPs 
Figure 2- 3(a): Functional structure of M.C. and S.C. LCPs (Tai-S, 1986, Donald et al., 2006) 
 
Figure 2 – 3( a): General structure of M.C. and S.C. LCPs  (Tai-Shung, 1986, Donald et al., 
2006) 
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2.1.3 Order parameter of molecules and director 
 
Molecular orientation is of the central significance in the field of liquid crystal  (Donald et al., 
2006). The description of liquid crystals involves an analysis of order. A tensor order parameter 
is used to describe the orientational order of a liquid crystal, although a scalar order parameter is 
usually sufficient to describe nematic liquid crystals. To make this quantitative, an orientational 
order parameters is usually defined based on the average of the second Legendre polynomial 
(Ghosh, 1984): 
 
2
1cos3
cos
2
2



PS  
Where θ is the angle between the LC molecular axis and the local director (which is the 
'preferred direction' in a volume element of a liquid crystal sample, also representing its local 
optical axis). The brackets denote both a temporal and spatial average. The orientation function 
or especially the Herman’s orientating function for polymers is designated as P2. On the other 
hand, the equivalent liquid crystal term is order parameter and is designated by S (Donald et al., 
2006). This definition is convenient, since for a completely random and isotropic sample, S=0, 
whereas for a perfectly aligned sample S=1. For a typical liquid crystal sample, S is of the order 
of 0.3 to 0.8, and generally decreases as the temperature is raised. In particular, a sharp drop of 
the order parameter to zero is observed when the system undergoes a phase transition from an 
LC phase into the isotropic phase. Figure 2-4 represents the typical temperature dependency of 
order parameter(s). 
                                                  
                         (2-1) 
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Figure 2- 4: Typical temperature dependency of order parameter (Cheung, 2002). 
 
 The nematic phase liquid crystals are composed of rod-like molecules with the long axes of 
neighboring molecules aligned approximately to one another (de Gennes and Prost, 1993). The 
anisotropic structure (different types of orientation) of molecules can be represented by a 
dimensionless unit vector n called the director i.e. average direction of rods. The unit vector n 
represents the direction of preferred orientation of molecules in the neighborhood of any point. 
Because there is no physical polarity along the director axis, n and -n are fully equivalent 
(Chandrasekhar, 1994). The action of external field or flow causes the orientation of mesogens, 
inducing uniaxial anisotropy with an additional degree of freedom, the internal rotation (Larson, 
1999). The directors’ exhibit tumbling, kayaking and wagging, flow-aligning, or log-rolling 
types of motion depending on the applied shear rates. A diagram of the director of LCP 
molecules is given in Figure 2-5. 
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Figure 2- 5: Director of LCP molecules (Finkelmann and Rehage, 1993). 
 
2.1.4 Defects in LCPs 
 
The name ‘nematic’ implies the presence of threads seen in the transmitted light microscope 
without cross polars (Donald et al., 2006). In LCPs, defects are the breaking of local symmetry 
in arranged or ordered structure. The   most common defect in LCPs is disclination known as a 
system of dark flexible filaments that correspond to lines of singularity in molecular alignment 
(Figure 2-6 (a)). The other defect occurs when the imposed boundary conditions are 
continuously      degenerated (no preferred axis in the plane of the walls). A system of singular 
nodes       (noyaux) form on the surface and the   resulting general texture is called a Schlieren   
texture (Figure 2-6 (b)) (Kle'man, 1989) 
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Figure 2- 6: a) Disclination and b) Schlieren texture defects in LCPs (Donald et al., 2006). 
2. 2 Thermal Analysis 
 
Thermal analysis is an analytical experimental technique which is used to investigate the 
physical properties of a sample as function of temperature or time under controlled conditions 
(Hatakeyama and Hatakeyama, 2005). Thermal analysis is the most common technique for 
characterization and studying the mesophase liquid crystalline compounds and polymers (Lenz, 
1985). Thermal analysis reveals the transition temperatures and gives a measure of the heats and 
entropies of transition. Numerous studies have been reported concerning the thermal behaviour 
of low molecular weight compounds, and most studies of LC polymers and model LC 
compounds have been performed using a DSC or DTA instrument. 
The properties of liquid crystal polymeric materials are greatly influenced by previous thermal 
history. In addition the melting temperatures of any polymeric materials can be greatly affected 
by the sample history. In addition for liquid crystal polymeric materials, the clearing transition 
temperature (transition from nematic phase to isotropic phase) can also be determined from 
thermal analysis. The thermodynamic properties like , change of enthalpy and change of entropy 
give some indication of the order present in the system if the isotropic state is assumed to have 
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equal disorder in all systems (Johnson and Porter, 1974), and the order should be related to the 
type of LC phase. 
In 1985, R. W. Lenz,(Lenz, 1985) conducted extensive study on the thermal analysis of 
thermotropic LCPs. In that study, it was observed that the thermographs generated form 
thermotropic LCPs gave two extra peaks compared to that of conventional polymers. Apart from 
this, a lot of researches also mentioned about the extra peaks. Figure 2-7 showed the peaks for 
LCPs. However, it also mentioned that all the LCPs do not exhibit the nematic and this 
transition temperature cannot be reached for most of the commercial LCPs due to low 
degradation temperature (Hsies et al., 1999, Ramazani et al., 2001). 
    
Figure 2- 7: DSC thermogram of (a) Series I polymer with a decamethylene spacer (n 10), 
which forms a smectic phase on melting and (b) Series II polymer with a tetraethyleneoxy 
spacer (n 4), which forms both smectic and nematic phases sequentially (Lenz, 1985). 
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2.3 Rheological behaviour of LCPs  
 
Rheological behaviour of low molecular weight thermotropic liquid crystal polymers have been 
the  subject of considerable theoretical and experimental analysis (Antoun et al., 1981, Lenz, 
1985).  The molecules of liquid crystals can be oriented by electromagnetic fields and by 
mechanical stress or shear. This orientation affects their melt viscosity. Rienacker and  Hess 
(1999) studied theoretically shear induced orientational dynamics of nematic liquid crystals 
(Rienacker and Hess, 1999). In their study, they found out different shear rate regions for 
different types of orientation. The rigid rod like molecules rotate at their own axis, which is 
known as tumble. The tumbling parameter is often represented by Lamda (  ).  The rod like 
molecules start to tumble with shear and rotate from tumble to wagging after certain critical 
shear rate. With the increase of shear the wagging region transform to flow aligning region.  For 
low shear rate region, the theoretical prediction of viscosity  from Doi theory showed good 
agreement with experimental data (Beak and Magdaa, 1993, Baek et al., 1994). 
The rheological behavior of LCPs is known to be dependent on the nature and also on the 
texture of its mesophase.  Moreover, the relative values of  melt viscosities depend on the  
composition of copolymers which contain both mesogenic and nonmesogenic units (Isayev and 
Nicolais, 2011). These units can be used as a measure of the "degree of liquid crystallinity" in 
such systems in which both anisotropic LC and isotropic phases are present (Lenz, 1985). The 
rheology of nematic LCPs exhibits some similarities to and difference from isotropic polymer 
melts and solutions. The physical properties of LCPs are extremely important not only for 
theoretical interest but also for the optimization of processing condition as well as modeling and 
simulation. It is well known that three independent stress functions   which are usually taken to 
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be the shear stress and the first and second normal stress difference are sufficient to characterize 
the steady flow of “ simple” incompressible fluids (Wagner, 1977). On the other hand, the LCP 
molecules are very complex in nature. These molecules possess extraordinary characteristics 
compared to the conventional polymers.  
2.3.1 Oscillatory Shear Flow 
 
The oscillatory rheological data are very useful to understand the microstructure of the 
polymeric material over a short and medium period of time. Dynamic rheological test in linear 
viscoelastic region is usually involved with a small amplitude sinusoidal strain (Equation 2-2), 
measuring the resultant sinusoidal stress (Equation 2-3) (Khan et al., 1997) .  
)(sin)(
)(sin)(
0
0
ttt
tt




 
 
Where )(t  is the sinusoidal strain, 0  is the strain amplitude,   is the frequency of oscillation, 
)(t  is the sinusoidally varying stress, 0 is the stress amplitude and    is the phase angle. 
Several researches have reported on transient and /or steady shear rheology of TLCPs (Isayev 
and Nicolais, 2011, Han et al., 2001).  However, very few studies have been reported on the 
oscillatory flow of TLCPs. The measurements of oscillatory flow properties have certain 
advantages over the  steady flow properties (Seung and chang, 1993). Viscoelastic parameters 
are directly related to the structure of the materials and  these information are mainly used for 
characterising the molecules in their equilibrium state to compare different resins, for quality 
                                                                                                                      
(2-2) 
      (2-3) 
 
                                                                                                      
(2-3) 
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control by the resin manufacturers (Dealy and Wissburn, 1990). Many useful information that 
can be derived from the dynamic shear rheology is elastic (storage, G') modulus, viscous (loss, 
G") modulus and complex viscosity ( * ) (Equations 2-4 to 2-6). 
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Time evolution of the morphological state in the nematic region of a specimen after being 
subject to steady or transient flow, can be monitored in terms of  storage modulus (G') or 
complex viscosity. Moreover, the oscillatory measurement allows to apply high angular 
frequency compared to steady shear measurement. The LCP molecules are very sensitive to 
thermal history.  It has been observed that the rheological properties of LCPs are continuously 
varied with annealing time at below nematic –isotropic transition temperature. Moreover, LCP 
molecules exhibit pronounced phase transition behaviour during oscillatory measurements. At 
low frequency, the molecules of nematic phase start to transform to isotropic phase(Fan et al., 
2003). The co-existence of nematic and isotropic phase is also observed at certain critical 
temperature. With increase of temperature, all the nematic phase is transformed to isotropic 
phase.   
  (2-4) 
 
 (2-5) 
 
 (2-6) 
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2.3.2 Steady Shear Flow 
 
Steady shear rheology is important to determine the non-Newtonian flow of the melt, 
performance of the extruder (such as excess pressure to stop the motor), shear thinning 
characteristics, stable melt flow during the stretching, melt fracture and die swelling (Macosko, 
1994). The range of shear rates that the melt experiences in an extruder can be determined from 
the steady shear rheology. 
 
2.3.2.1 Low Shear Measurement 
 
A wide variety of pressure distribution causes flow of a liquid crystal polymer melt or solution. 
Graziano and Mackley (1984) were the first to analyse the development of textures during the 
shearing of a conventional nematic liquid crystal polymer and also thermotropic copolymer. 
Windle et al. (1985) studied the effect of shear deformation on a thermotropic liquid and they 
observed fine-scale texture (Windle et al., 1985).  
The flow mechanism of liquid crystalline systems is more complicated than that of isotropic 
fluids due to the coupling of molecular orientation and polydomain (composed of multiple 
mesogenic domains) structure.   LCPs exhibit abnormal shear dependency of viscosity in the 
low shear rate region.  One method for categorizing the rheology of LCPs is the three-region 
flow curve proposed by Onogi and Asada shown in Figure 2-8. By increasing the shear rate, 
from very small values to very large ones, the viscosity first decreases (region I), then levels off 
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(region II) followed by further  decrease (region III) (Onogi and Asada, 1980).  Asada et al. 
(1987) hypothesize that the 3-region curve is characteristic of all LCPs, They also suggested that 
this behaviour can be recognized as a characteristic property  of liquid crystal  polymer (Yanase 
and Asada, 1987).  However, this behavior may not be so general for lyotropic LCPs and very 
uncommon for TLCPs (Kiss and Porter, 1980, Wissbrun, 1980).  
 
 
 
 
    
 
 
 
Figure 2- 8: Three zone shear dependency of viscosity ( ------- for LCPs and - - - - -  for 
conventional polymer) (Onogi and Asada, 1980). 
 
In region I, of Figure 2-8 the shape of LCP flow curves differ from those of conventional 
polymers melts.   LCPs exhibit shear thinning behaviour at low shear rate, i.e., the viscosity 
decreases with increasing shear rate in concentrated as well as thermotropic LCPs (Walker and 
Wagner, 1994, Wagner, 1977, Baek et al., 1993). But the conventional polymers do not display 
the region I behaviour, i.e., their viscosity always approaches a constant value as the shear rate 
tends to zero. The general consensus appears to be that the higher viscosities at lower strain 
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rates are due to some aspect of initial microstructure stability. Slow strain rate deformation tends 
to rotate the directors, hence they experience a drag as the microstructural energy is increased.  
At region I, the texture of the nematic phase consists of many small domains, in which the local 
orientations of the director vary from one domain to another. Under this circumstance, each 
small domain may act as if it is a discrete particle suspended in a very low viscosity fluid 
(nematic solvent) (Chen, 2008). Thus, at extremely low shear rate, the polydomain hardly 
deforms. The structural evolution of such a defect ‘suspension’ would generate the shear 
thinning behaviour at low shear rates (Marrucci and Maffettone, 1993). Both thermotropic and 
lyotropic LCPs exhibit the shear thinning behaviour at low shear rate region.   
Then the viscosity is almost constant with shear rate (Newtonian behaviour), which is referred 
to the region II.  With the increase of shear rate, the effect of coalescence also increases. For this 
reason, the number of small domains also reduces. In this region molecules offer more 
resistance to flow.  This Newtonian behaviour is only observed in some lyotropic LCPs. At 
region III (very high shear rate zone), the molecules of LCPs start to move with flow aligning 
directions, which leads to strong shear thinning behavior (Muir  and Porter 1989). At very high 
shear rate region all domains of LCPs act as a monodomain and oriented as in  isotropic flow 
(Tao et al., 2006). 
2.3.2.2 High Shear Measurement: 
 
In general, the rheological properties in high shear rate region are conducted by capillary 
rheometers and these rheometers are popular because of their simplicity in design and use. In 
capillary rheometers, the viscosities are measured by the measurement of the pressure drop of a 
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given flow rate. Capillary rheometers are broadly categorized as constant speed rheometers and 
constant pressure rheometers. 
For fully developed flow in a tube, i.e. far from the entrance, both the pressure gradient and the 
velocity profile do not change with distance, z, along the tube. By carrying out a force balance 
on a length, Δz , of tube, it can be shown that the shear stress at the wall,  w , is related to the 
pressure  dP , LP  , at the upstream and downstream ends, of this length, and to the radius, R, of 
the tube. 
 
 
The schematic diagram of a capillary rheometer is shown in Figure 2-9. 
 
                                     
Figure 2- 9: The schematic diagram of a capillary rheometer. 
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However, the common practice is to measure only the driving pressure Pd, in the reservoir 
feeding the tube rather than measure pressure at the two points in the fully developed flow 
region. If the pressure at the exit of the tube, i.e. at z = L, is atmospheric, and this is assumed to 
be small compared to Pd, an apparent wall shear stress, a , can be calculated 
L
RPd
a
2
                                    (2-8) 
For a Newtonian fluid, the velocity profile is parabolic, and the shear rate at the wall is 
expressed as 
3
. 4
R
Q
w

                          (2-9) 
 
Here Q is the flow and Pd is entrance pressure, the viscosity can be calculated from Hagen-
Poiseuille equation 
LQ
PR d
w
w
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                                           (2-10) 
For   non-Newtonian fluid, i.e. if the viscosity depends on the shear rate, there is a technique to 
determine the true wall shear rate in such a case, but it requires the differentiation of pressure 
data for a number of flow rates. In this case it is convenient to define an apparent wall shear rate 
as follows: 
3
. 4
R
Q
a

                                       (2-11) 
For the power law n, fluid, the true wall shear rate is given by: 
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Very few researchers have studied the rheological properties of LCPs at very high shear rates. 
The technical report from IUPAC in 2004 presented a comparative experimental study of shear 
rheological properties  of thermotropic LCPs  conducted at  eight different laboratories (White et 
al., 2004). Shear thinning behaviour was observed for all the LCPs investigated.  
 
2.3.3 Effect of Temperature 
 
LCPs show anomalous variations of viscosity with respect to temperature (Fan et al., 2003) .  
LCPs exhibit low viscosity at nematic phase (tumbling the rigid molecules along with the 
director and molecules are positionally disordered but orientationally ordered). In spite of 
having a fairly rigid chain structure, LCPs can be easily processed in nematic phase. At this 
phase, viscosity decreases with increase in temperature and low energy is required for 
processing nematic LCPs.   In the low shear rate region, viscosity decreases with increase in 
temperature hence low energy is required for processing the easily oriented rod like molecules 
of LCPs. With the increase of temperature, at the intermediate shear rate region some portion of 
anisotropic (nematic) molecules is transformed to isotropic phase. Then shear viscosities 
become higher in the transition phase at higher temperature (Fan et al., 2003, Hsies et al., 1999, 
Kiss and Porter, 1980). This phase transition due to temperature is known as nematic – isotropic 
transition and occurs above the   melting point.  For most of the commercial LCPs this phase 
transition temperature is  not accessible (Han et al., 2001). With further increase in temperature, 
it is   observed that viscosities decrease.   
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Figure 2- 10: Variation of viscosities with temperature for PSHQ10  [(poly [(phenylsulfonyl)‐p‐ 
phenylene 1,10‐decamethylene‐ bis(4‐oxybenzoate)]  at    = 0.24 rad s-1 (Seung and Chang, 
1993). 
 
In Figure 2-10, the temperature dependency of complex viscosity can be divided into three 
region, (1) nematic region, (2) biphasic region and (3) Isotropic region. For isotropic region, the 
temperature dependency of viscosity can be explained by the Arrhenius rule. In contrast, in 
nematic and biphasic region the interpretation of temperature dependency is not simple due to 
the variation of morphology. The abnormal dependency of temperature is greatly influenced by 
shear rate. No research has been conducted yet on the dependency of viscosity simultaneously 
on temperature and shear rate.  
 
 
C
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2.3.4 Thermo-rheological Behaviour of LCP 
 
The liquid crystal polymer consists of rod like molecules which remain crystalline in both solid 
and liquid phases. The existence of biphasic (mixture of solid and liquid phase even in molten 
state) nature makes the rheological properties of LCPs extraordinary. For crystalline polymers, 
the modulus depends on the degree of crystallinity. The degree of crystallinity for LCPs also 
change with the variation of frequency as well as temperature (Dae Han and Kim, 1993). The 
amorphous portions go through the glass transition, but the crystalline portion remains hard. 
Thus a composite modulus is found for LCPs. 
The other useful parameter i.e. shift factor (for time temperature superposition) is not possible to 
measure for liquid crystal polymer. The use of time-temperature superposition is meaningful as 
long as the morphology of the polymer remains the same over the temperature holds and thus it 
has been used primarily for homopolymers. Still there is no “general” theoretical guideline to 
calculate the shift factor (aT) for determining time temperature superposition. Some studies 
showed different methods to measure time temperature superposition for LCPs. The 
morphology of LCPs is very sensitive to temperature and these materials are not thermo-
rheologically simple. 
2.3.5 Fiber interaction in LCP composites: 
 
Incorporation of filler material in polymers and subsequently cross linking them to form a filled 
polymer network structure leads to a system of great complexity. Numerous theoretical attempts 
have been made to describe this complicated rheological behaviour of the filled polymers 
(Leonov, 1990) . There is either a particle-particle or particle–matrix “network” formed, 
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depending on the strength of inter-particle attractions or the interactions between particles and 
polymer chains (Wolff and Wang, 1992). Leonov (1990) assumed that the interaction arises 
because of competition between some repulsive (apparently, electrostatic) and attractive 
(presumably, van der Waals') forces (Leonov, 1990). Furthermore, there are also hydrodynamic 
forces (may be of viscoelastic character) and Brownian forces, when the particles are very small 
and the viscosity of matrix is low enough. The complexities that appear here are due to some 
combined phenomena which produce the interaction between particles.  
The interactions between the glass fibers and LCPs are still not well understood. However, the 
presence of rigid rod LCPs also influences the morphology, melting behaviour, crystallinity, and 
crystallization kinetics of the crystallizable components in the hybrid system (Pisharath and 
Wong, 2003). In general, the introduction of fibers into LCPs are known to accelerate the rate of 
crystallization and enhance the crystallinity of thermoplastics (Dutta et al., 1990).  
When a shear field is applied to the system, the particulate network is quickly destroyed and the 
successive groups start to rupture. The other properties i.e. temperature, activation energies, and 
the hydrodynamics resistance due to viscoelastic polymer matrix surrounding filler particles 
govern the kinetics of  restructuring the filler particles (Prashant and Leonov, 2001) . At very 
high levels of stresses in the composite the groups can be destroyed with almost complete 
separation of the particles (Leonov et al., 1977).  In the high shear rate region, the highly filled 
systems with a low molecular weight matrix behave like suspensions of rigid particles in 
Newtonian liquids, whereas with higher matrix viscosity the filled polymers demonstrate usual 
viscoelastic behaviour, well known for the polymeric liquids (Leonov, 1990).  
In addition, the characteristics of incorporated fillers influence the rheological properties of 
TLCPs. Moreover, the fibre orientation is also influenced by rod like molecules of LCPs 
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(Ramazani et al., 2001). In general, the diameters of TLCP fibers are 1  m or less, versus the 
10-15   m typically observed for glass fibers (Laun, 1984).  For particles of 10  m or larger, 
the hydrodynamic interactions can cause a change in the velocity distribution in the vicinity of 
other fibers (Barnes, 2003). Fiber-fiber collisions may also influence suspension viscosity by 
creating anisotropic structures in the fluid. 
2.3.6 Normal Stress Behaviour 
 
Ever since Weissenberg elicited the presence of normal stresses (i.e. stress in a direction parallel 
to the velocity gradient axis) in steady shear flow of elastic liquids (Wagner, 1977), this 
phenomenon brought great interest in both the experimental and theoretical study.The shearing 
of viscoelastic materials between two parallel surfaces at a considerable shear rate results into 
the formation of viscous shear stress (σ 12) and normal stress differences (N1= σ11- σ22, N2= σ22- 
σ33). The flow direction and the perpendicular surface at which the fluid is sheared are indicated 
by 1 and 2, while 3 is the neutral direction (Macosko, 1994). N1 is the larger of two normal 
stress differences and it is responsible for rod climbing behaviour of viscoelastic materials. In 
the case of isotropic materials, the magnitude of N1 is greater or equal to zero and in parallel 
plate and cone and plate rheometers, it pushes apart the contact surfaces.  In the zero shear 
viscosity region of steady shear rheology, where shear viscosity, i.e. 

  /12 , becomes 
independent of shear rate, the first and second normal stress differences at low shear rate region 
approach the limit of 

 21, NN    and consequently, the normal stress coefficients (ψ1, ψ2) 
approach constant values. 
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 The negative normal stress difference is one of the most important rheological characteristics of 
LCPs.  Kiss and Proter (1978) first showed the experimental evidence of negative first  normal 
stress difference for  lyotropic LCPs (Kiss and Porter, 1978). After that, other researchers also 
found the evidence of negative first normal stress difference (N1) for lyotropic solution (Baek et 
al., 1993, Beak and Magdaa, 1993, Huang et al., 1999).  The negative value of N1 is common to 
lyotropic system. On the other hand, it is very unlikely for thermotropic LCPs. 
Marrucci and Guido (1993) first explained extensively the mechanism of negative normal stress 
difference (Marrucci and Guido, 1995). For lyotropic LCPs the negative normal stress is 
observed in the intermediate shear rate region (figure 2-11). After a reasonable large shear rate, 
the ellipsoid shape of domain gets deformed as well. At this stage, the molecule tends to rotate 
perpendicular to the flow of axis. In addition, considering the rotation of molecules at their own 
axis, molecules rotate from tumbling to wagging state (Beak and Magdaa, 1993). In 
consequence, the value of N1 becomes negative in these conditions. The value of N1 becomes 
positive again at some critical value of high shear rate. This will occur when the strength of the 
flow has become so large that tumbling is suppressed altogether, and the molecules increasingly 
align in the shear direction (Marrucci and Guido, 1995).The value of N1 also depends on the 
concentration as well as the shear rate. Beak and Magdaa (1993) also showed how N1 of 
lyotropic LCPs change from negative to positive with shear rate as well as effect of 
concentration .Prediction of negative  N1 is also obtained from the Doi molecular theory for rod-
                (2-13) 
 
     (2-14) 
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like nematics (Beak and Magdaa, 1993) . Figure 2-11 represents the variation of first normal 
stress difference with shear rate for 14.1 wt. % (Poly Gamma Benzyl Glutamate) PBLG 
solution. 
 
Figure 2- 11: First normal stress difference versus shear rate for 14.1 wt. % PBLG solution 
(Kiss and Porter, 1978). 
 
Marrucci and Guido (1993) also explained the mechanism of normal stress behaviour for a 
nematic phase (e.g., in a concentrated solution of rod-like polymers) (Marrucci and Guido, 
1995). Different situation is observed for concentrated solution. The rod like molecules intended 
to align parallel to each other prevail over thermal randomization, the orientational distribution 
being already anisotropic at equilibrium. For lyotropic LCPs, the primary effect of flow is that 
of aligning director (and the whole orientational ellipsoid with it) at a small angle to the shear 
direction (Baek et al., 1993). With the increase of shear, a second effect of the flow is that the 
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ellipsoid becomes even more prolate than at equilibrium, as the rod-like molecules align more 
and more to the shear direction. It is apparent that the difference between the existing ellipsoid 
and the equilibrium one determines a positive value of Nl also in this case.  
 
In tumbling nematic, the director n (together with the associated ellipsoid) keeps rotating in the 
low shear field indefinitely. With the increasing shear rate, the ellipsoid gets deformed. The 
deformation is in the direction of making the ellipsoid “less” than at equilibrium. Due to a 
sufficiently fast tumbling motion the rod-like molecules become randomized, which therefore 
approach a spherically symmetric distribution. The equilibrium ellipsoid of nematic state is now 
in the opposite direction than the concentrated state. In consequence, the first normal stress 
difference (Nl) becomes negative. 
The characteristics of incorporated fillers such as fibers greatly influence the rheological 
properties of TLCPs. Moreover, the fiber orientation is also influenced by the rod like molecules 
of LCPs (Ramazani et al., 2001). In general, the diameter of TLCP fibrils are 1 mm or less, 
versus the 10-15 mm typically observed for glass fibers (Laun, 1984). Non-hydrodynamic forces 
such as Brownian and Van der Waals forces can affect the rheology when the particle size is 
under 1 mm (Barnes, 2003). When particles are 10 mm or larger, the hydrodynamic interactions 
can cause a change in velocity distribution in the vicinity of other fibers. Fiber-fiber collisions 
may also influence suspension viscosity by creating anisotropic structures in the fluid. 
 It is also observed that this anomalous orientation is enhanced due to the presence of filler. At 
low shear rates, the interaction between the fibers offsets the force attempting to align the fibers 
with flow. In consequence, a substantial resistance to deformation is observed. The increased 
shear rate overcomes the interactions, disrupting the structure formed by orienting the fibers 
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with the flow (Kamal and Mutel, 1985). Negative first normal stress differences are observed in 
the low shear rate region for filled TLCPs, which have aroused much scientific interest in both 
theoretical and experimental rheological studies (Tao et al., 2006).   
2.3.7 Relaxation Process in LCPs 
 
The relaxation behaviours of TLCPs are much more complicated than those of flexible 
polymers. The anisotropic properties of LCP molecules as well as  the presence of polydomain 
structure, make the properties of LCPs different from other polymers (Yu et al., 2007).  
Wissburn points out that liquid–crystalline polymers typically possess long relaxation times than 
isotropic polymers (Wissbrun, 1980). Fast initial stress relaxation is observed in step strain 
experiments, followed by a slower relaxation period with a tail in the relaxation curve. The long 
tail  leads to the existence of some unmelted solid phase (Done and Baird, 1990). The normal 
stress after cessation of flow also shows a fast initial relaxation followed by a long tail.  
Langelaan and Gotsis (1996) suggested that the fast initial decay of stress in LCP molecules is 
independent of the previous shear rate. This decay can be attributed to local molecular 
rearrangement, while the longest part of the relaxation depends on the orientation of director 
(Langelaan and Gotsis, 1996). Yu et al. suggested that there were three kinds of relaxation 
mechanisms for nematic LCP: the relaxation of chain orientation, the relaxation of deformed 
polydomains, and the coalescence of polydomains (or the relaxation of textures) (Yu et al., 
2007) . Figure 2-12 shows the relaxation spectrum of liquid crystal polymer. 
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Figure 2- 12: The relaxation spectrum of LC 5000 at 295 0C (Yu et al., 2007). 
 
 The TLCPs possess typically a wide melting range. In fact, they may not be in a complete 
nematic phase above the nominal melting temperature. In the melting process, a TLCP will 
become a mixture of nematic liquid crystal and unmelted solid crystals.  
2.3.8 Time Dependency of LCPs  
Liquid crystal polymers exhibit a number of unusual rheological characteristics because of 
abnormal molecular structure as well as molecular orientation. LCPs can also be characterized 
rheologically in time-dependent situations. Gochanour and Weinberg (1986) first examined the 
time dependent nature of LCPs (Gochanour and Weinberg, 1986). In their study they found time 
dependent behaviour of LCPs but the mechanism of this unusual behaviour was not explained.  
Douglass et al. (1989) studied the time dependent rheology of fully nematic TLCPs. They also 
observed time dependent rheology of LCPs (figure 2-13) that was due to the co-existence of 
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melted and unmelted crystal (Kalika et al., 1989). Marrucci and Guido (1993) first suggested 
that LCPs exhibit time dependent behaviour due to the tumbling nature of LCPs (Marrucci and 
Guido, 1995, Marrucci and Maffettone, 1993). 
 
Figure 2- 13: The time dependent complex viscosity of Kodar PETG 6763 (Kalika et al., 1989). 
 
Still a lot of research is going on for investigating the mechanism of time dependence behaviour. 
In the low shear rate region the molecules exhibit pronounced oscillations. The flow dynamics 
of the chain and consequently the molecular parameters play a crucial role in the polymer 
crystallization due to the deformation. The molecular parameters like molecular weight 
distribution, branching of polymer chain and length of branching  influence the crystallization 
process (Hadinata et al., 2005). Moreover, for large or bimodal molecular weight distribution, a 
small fraction of long chain is enough to largely influence the flow-induced crystallization (FIC) 
kinetics and/or the crystalline orientation (Bustos et al., 2006). Crystallization of polymer is 
influenced by mechanical treatment. This happens in almost all shaping process, such as melt 
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spinning, extrusion, film blowing, blow moulding and injection moulding (Vleeshouwers and 
Meijer, 1996). Various researches have been conducted about the nucleation and crystallization 
process for polymer.  
2.4. Wide angle X-ray scattering (WAXD) 
 
WAXD is one of the major forms of characterization techniques to understand the molecular 
structure of the polymer material using the peak intensities and their width with respect to the 
diffraction angle. It offers a convenient and rapid method for structural characterization, for 
instance the interlayer spacing of the molecules (Vaia and Lincoln, 2002) . The basic principle 
of WAXD is shown in Figure 2-14. Cullity (1978) pointed out the importance of XRD to 
recognize two factors  (Cullity, 1978): 
• Incident beam, normal to the reflecting plane and diffracted or scattered beam are coplanar and 
• The angle between the incident and scattered beam is always 2θ.  This angle is known as the 
scattering angle. 
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Figure 2- 14: Schematic of X-Ray diffraction (Cullity, 1978). 
 
The spacing between the ordered arrays of atoms is typically analysed using X-Ray diffraction 
(Figure 2-14). It is the desired means of measuring lamella thickness, or long spacing according 
to Bragg’s law of optics (Equation 2-15) 


Sin
n
d
2
  
Where  n =  Diffraction factor 
  = Wavelength 
 d = Spacing between atomic planes 
   = Diffraction angle 
 (2-15) 
Incident beam Scattered beam 
d-spacing Stack of lamellar 
crystal  
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By calculating the d-spacing from Bragg’s law (equation 2-15), one can make an introductory 
assessment of the structure or morphology. Following the Bragg equation, some modern 
software such as TOPAS is  able to calculate the crystalline and amorphous area (Bruker, 2009). 
2.5 Rheological models of Liquid Crystal Polymers 
 
The constitutive equations for LCPs are mathematical relationships that allow computing of the 
stresses in a liquid for a given flow history. These equations are often derived from constitutive 
models, which imply a set of assumptions and idealizations about the molecular or structural 
forces and motions producing stress. There is an  infinite number of possible relations that one 
could propose linking the stress tensor with kinematic tensors, and there is a bewildering 
number of kinematic tensors (strain tensors, rate-of-strain  tensors, etc.) that can be used (Bird 
and Wiest, 1995).  For polymer processing, some constitutive equations are purely empirical. 
These equations are then improved by including additional terms until reasonable agreement 
with experiment is obtained. There was much activity of this sort between 1950 and 1980, and it 
still continues (Bird and Wiest, 1995, Larson, 1999). Again, some constitutive equations have 
been developed using mathematical expansion such as, the stress tensor can be expressed in 
Taylor series in order to display small departures from Newtonian behaviour. On the other hand, 
some equations have been developed based on well-defined class of flows like: linear 
viscoelastic fluid (Tanner, 1988). Molecular theory is also used extensively for developing 
constitutive equations. The architecture of the molecules can mimic the orientation and 
stretching of the polymers (Doi and Edwards, 1986). The thermodynamics of irreversible 
processes involves  the known experimental, continuum mechanics, and statistical mechanical 
results (Beris and Edwards, 1994). 
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There has been a significant advance in both theoretical (de Gennes and Prost, 1993, Larson and 
Mead, 1992, Larson, 1999, Doi and Edwards, 1978, Leslie, 1968, Leslie, 1979)  and 
experimental studies of liquid crystals in the last three decades. Apart from  other rheological 
properties, the viscosities of LCPs also exhibit abnormal temperature dependency indicating that 
LCPs are not thermorheologically simple (Brostow et al., 1999). Though there are some 
corresponding theories to interpret the rheological behaviours of LCPs, all theories do not 
consider the critical aspects of LCPs. In the next section, we will discuss four rheological 
models. 
2.5.1. Viscous Models 
 
A purely viscous model has been used to describe the shear viscosity of the polymeric fluid for 
the flow simulation, although viscoelastic effects cannot be neglected in the juncture-flow area  
(Isayev and Upadhyay, 1985). A viscous model provides a good prediction  (Isayev, 1987)  of 
the filling and post-filling stages on pressure evolution since the shear viscosity of the polymeric 
fluid is the most important property in flow analysis. In addition, the viscous model provides a 
direct solution for viscosity as long as the shear rate is calculated. Therefore, it provides a rapid 
solution for industrial needs. In fact, most of the commercial softwares such as MOLDFLOW, 
were developed based on the viscous model. 
Among the viscous models, the power law model for shear viscosity has shown a good 
comparison with experimental data at the low shear rate region for LCPs (Kamal and Kenig, 
1972a). For polymers whose shear viscosity thins at much higher shear stress levels, the power-
law model would overestimate the shear viscosity at the low shear rate region. In particular, it 
has been shown by Hieber et al. (Isayev and Upadhyay, 1985)  that a modified-Cross model    
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(Cross, 1979)  gives a good fit to the shear viscosity data for a broad variety of polymeric 
materials. The modified-Cross model gives the relationship between viscosity (ƞ), and shear 
rate )( . 
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Where n denotes the power law index, 0 , zero-shear viscosity, and   
' ,being the characteristic 
stress. 
2.5.2 Leslie-Ericksen Theory 
 
For LCPs oldest is the Leslie Ericson (LE) phenomenological theory. The LE theory was 
developed based on the viscous stress (Erickson theory), which was later combined with Frank 
theory (measure of the free energy associated with distortions of the nematic state in which the 
local direction of molecular orientation varies in space) for the elastic stress by Leslie. The LE 
theory, considering the spatial variation of the director, has succeeded in interpreting the 
dynamic behaviours of  LCPs (Leslie, 1979, Leslie, 1968). 
LE theory does not consider the non-linear viscoelastic region for LCPs. But it is very useful for 
explaining the role of polydomain textures on rheological properties of LCPs.  The LE theory is 
limited to only slow flows (low shear rates) and weak molecular distortions (Bhave et al., 1993)  
. The Leslie-Ericksen constitutive equation for the viscous stress tensor    is given as  
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Here   
6.......1   are the viscosity constants for liquid crystals. Because of the existence of 
director ‘n’ (resultant orientation of molecules), six viscosity constant are needed to explain the 
influence of viscosity to the liquid crystalline flow. N is the rotation rate of n relative to the 
background fluid, defined as               
.n
Dt
Dn
N   
   Is the vorticity tensor defined as  
  vv T 
2
1
  
A is the deformation velocity tensor, defined as  
  vvA T 
2
1
 
Parodi (Donald et al., 2006) derived the following expression for viscosities constants  
 
 
5326       
 
Therefore only five of these constants are independent.  
 
The nematic viscosities 2  and 3  determine director torques in the shear flow. 
 (2-17) 
                                    (2-
18) 
(2-19) 
                  (2-20) 
           (2-21) 
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If  
3
2


 is positive, the nematics in shear flows is called “flow aligning”, whereas for the 
opposite case they are “tumbling nematics”.   The viscosity constant  
4  is not related to the 
director torque, but it determines the viscosity of the fluid when the director is oriented in the 
vorticity direction.  When Debroah number (De) <<1, molecular elasticity is negligible and 
Frank elasticity (Priest, 1973)   is important. The flow properties of polymeric nematics can, in 
principle, be described by the Leslie-Ericksen equations. The occurrence of “polydomain” in 
LCP’s is explained by existing discontinuities (defects or disclinations) throughout the sample. 
Therefore, the experimental data such as shear stress and normal stress are actually the averages 
over the director spatial distribution in the regions.  
2.5.3 Doi Theory 
 
The prevalent theory for the flow and rheology of LCPs is the Doi theory (Doi, 1981, Doi and 
Edwards, 1978), which is based on a statistical mechanical description of the orientation of 
concentrated solutions of monodomain lyotropic LCPs consisting of rigid rod-like 
macromolecules. 
The Doi theory takes into account the effects of flow, Brownian motion, and intermolecular 
forces on the molecular orientation distribution. Thus, it gives a good representation of the 
molecular viscoelasticity (Feng and Leal, 1997). Moreover, the Doi theory (Feng and Leal, 
1997, Sgalari et al., 2002) is modified with semi empirical equations to take distortional 
elasticity into consideration. The Doi theory takes into account the overall viscoelastic changes 
in its form. Furthermore flow geometry related parameter is also needed to be considered since 
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in the most investigations (La Mantia et al., 1993, Huilier et al., 1988, Choy et al., 1991b) it has 
been found that the shear viscosity of LCPs is a function of flow geometry as well. 
Doi and Edwards were inspired by repetation model, whose concept was first introduced by de 
Gennes (de Gennes and Prost, 1993)  and has proved to be very useful in modelling the complex 
dynamics of macromolecules in melts and concentrated solutions. The reptation model considers 
the motion of a polymeric chain confined in a tube-like region, while Doi and Edwards model 
analyses the motion of a rigid rod polymer in the tube. 
The flow dynamics of LCP as compared to thermoplastics is different because the molecular 
disinclinations as well as the evolution of a polydomain structure should be taken into account. 
Marrucci and Grecco  (Feng et al., 1998) included the nematic potential force along with the Doi 
theory to include the effect of molecular orientations (Equation 2-22): 
 
 
Where u is unit vector specifying the orientation of a polymer chain,    is evolution distribution 
function for the LCP, Dr is rotational diffusion coefficient, V is nematic potential and v 
represents macroscopic velocity. Equation (2-22) is used to study the evolution of polymer 
configuration. 
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Equation (2-23) is the Marucci-Grecco nematic potential which takes into account the 
disinclinations at molecular level. In this equation, k is Boltzman constant, S is second moment 
of , l is length scale for considering the distortional elasticity since the strength of the potential 
depends on the length of the disinclinations and U is strength of the nematic potential. The 
conventional Doi-Edwards equation for the stress function with modification for the presence of 
distortional elasticity can be expressed by equation (2-24) 
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As per the original theory the stress function is divided into two parts, the viscous component of 
stress and the elastic component of stress. The viscous stress remains the same like in original 
theory but the elastic stress is modified for the presence of distortional elasticity component in a 
LCP. Equations (2-22) and (2-23) were first solved by numerical analysis for various 
monodomains using different values of angles of director  and then the responses of the 
individual mondomains were averaged to give the response of a polydomain, using equation(2-
24). Because the Marrucci-Maffettone analysis is based on the Maier-Saupe potential, it may be 
applicable to low-molecular-weight liquid crystals.  
This model can be applied at relatively high flow rates when the elastic stress due to gradients of 
the director field is negligible. The rheological features predicted by Doi theory, have been 
observed in two lyotropic solutions (PBG and HPC) only. The concentration of the solution was 
within a medium range of: 10-25% for PBG and up to 50% for HPC.  The Doi rigid rod theory 
(2-24) 
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has been extensively tested (Larson, 1999) and has been successfully applied for lyotropic LCPs 
of small and moderate concentrations. On the other hand, the modelling of thermotropic LCPs 
cannot be done well using the Doi theory. The LCPs possess many critical aspects and 
anisotropy. The Doi theory does not consider all critical aspects of LCPs. Moreover, Doi theory 
is complex in nature and a lot of variables are involved. It is difficult to solve all the parameters 
of Doi theory considering the critical aspects of LCPs as well as incorporation of existing LCPs 
processing software  (Einaga et al., 1985, Leonov 2008a, Sgalari et al., 2002). 
2.5.4 Leonov’s Model 
 
The term nematodynamics introduced in the text by de Gennes and Prost (1974) means a 
specific set of problems for deformation and flow of the nematic systems under stress, which 
could be solved or analyzed using specific macroscopic field equations (Leonov 2008b). The 
research on polymer nematics has attracted  academic and industrial interests for more than 
three decades, but with limited practical use due to the lack of knowledge of the complicated 
behaviour of these systems (Chen, 2008). The nematodynamic studies are important for 
processing of nematics and prediction of their post-processing properties (Leonov 2008a). 
In order to describe the LCP properties theoretically, Leonov (2008) mentioned that some 
specific problems should be addressed. The first is a possible involvement of the Frank elasticity 
(measure of the free energy associated with distortions of the nematic state in which the local 
direction of molecular orientation varies in space (Priest, 1973))  in polymer nematodynamics. 
The other possible effects of stress or external field on isotropic-nematic phase transition create 
additional problems (Leonov 2008b).  It should be mentioned that neither molecular nor 
continuum theory existed till now for describing complicated properties of thermotropic LCP, 
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although many experimental data for this type of LCP have been accumulated (Chen, 2008) 
recently. 
The continuum and molecular theories attacked the problem of modelling LCP properties. The 
continuum theories try to establish a general framework with minimum assumptions about the 
molecular structures of LCPs. However, many material parameters related to both the basic 
properties of symmetry and interactions are described by state variables (Leonov and Chen, 
2010). In contrast, the molecular approaches employ very specific assumptions of structure for 
these polymers, but unlike the continuum approaches, operate with few molecular parameters. 
These theories, although well separated, are not contradictory but supplementary(Leonov 
2008a). 
Leonov (2008) developed a continuum theory of non-symmetric weak viscoelastic 
nematodynamics of Maxwell type fluid, where the viscous and elastic stresses coincide with the 
total stress. In the newly developed Leonov’s viscoelastic nematic continuum theory, the 
assumptions of the smallness of transient (elastic) strains and relative rotations were taken into 
consideration. On the other hand, this theory  avoided the well-known general balance equations 
of angular momentum for nematics as well as related rotational inertia effects (Kle'man, 1989, 
de Gennes and Prost, 1993). These assumptions seem to be appropriate for LCPs with rigid 
enough macromolecules, and for slow flows of viscoelastic suspensions with uniaxially shaped 
particles. This theory utilized a specific viscoelastic and nematic kinematics and ignored inertia 
effects and in cases of LCPs, the effects of Frank elasticity (Leonov 2008b). The detailed 
derivation of Leonov’s viscoelastic nematodynamics will be given in  chapter 5. 
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2.6 Fundamentals of Injection Moulding Technology 
 
Injection moulding (IM) is one of the most widely employed technologies in the polymer 
processing industry. Although there are several limitations, injection moulding provides many 
more advantages than other material processing methods. In modern injection moulding, a 
polymer is heated up to its melt state in a screw extruder at a temperature above the glass 
transition temperature, Tg, for amorphous polymers or melting temperature, Tm, for semi-
crystalline polymers and the screw is then used to pressurize the molten material and push it into 
the cold cavity of a mould at a temperature below Tg or Tm for amorphous or semi crystalline 
polymers, respectively. The polymeric melt is then solidified in the mould. After solidification 
the mould is opened and the part is ejected. A wide variety of parts with complicated shapes can 
be made by this technology. Almost all thermoplastics and some thermosets can be injection 
moulded (Isayev, 1987). 
The injection moulding cycle can be divided into three distinct stages including the cavity 
filling, packing (holding), and cooling (solidification) (Middleman, 1977, Isayev, 1987). In the 
filling stage, the pressure is provided to force the polymeric melt into the mould and fill the 
cavity. The packing stage is used to provide more material to compensate for the volume 
contraction caused by cooling of the polymer melt by applying a certain pressure for a period of 
time. The packing stage is usually stopped once the gate is frozen. Then, the cooling stage takes 
place to allow the polymeric melt to be cooled down to a pre-set mould temperature. At this 
stage the pressure decays slowly. After cooling stage, the mould opens and the parts are ejected. 
Among the total process of injection moulding, filling analysis is of great importance. A few 
computer programs are now available to insure a good filling of complex mould. 
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2.6.1 Simulation of Injection Moulding Process 
 
In the early 1950, Spencer and Gilmore  first reported the fundamental research on the 
modelling of injection moulding process (Gilmore and Spencer, 1950, Spencer and Gilmore, 
1951) at Dow Chemical. These pioneering studies have received considerable attention for 
processing thermoplastics, elastomers, and thermosets. Thereafter, the numerical simulation of 
melt filling in injection moulding had started in the sixties and seventies. Kamal and Kenig 
(1972) had studied one-dimensional flow in a centre-gated disc (Kamal and Kenig, 1972a, 
Kamal and Kenig, 1972b). Their study was a significant breakthrough for modelling of injection 
moulding process.   The other researches were conducted by Toor et al. (Toor et al., 1960), 
Harry and Parrott (Harry and Parrott, 1970) and Load and Williams (Lord and Williams, 1975) 
and they analyzed the filling of thin rectangular cavities by means of an one-dimensional flow 
representation.  
In general, most injection moulded plastic parts are geometrical configurations of complicated 
shape and the rheological response of polymer melts is generally non-Newtonian and non-
isothermal. Considering these inherent factors, it is extremely difficult to analyze the filling 
process without simplifications. The Generalized Hele-Shaw (GHS) flow model introduced by 
Hieber and Shen provides simplified governing equations for non-isothermal, non-Newtonian 
and inelastic flow in thin cavities (Hieber and Shen, 1982).  
In addition, liquid crystal molecules possess defects and the orientation of rod like molecules is 
also a matter of consideration during modeling. It is widely recognized that injection-moulded 
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plaques of liquid crystalline polymers consist mainly of two skin layers and a central core in 
between (Choy et al., 1991a). The molecular chains in the skin regions are largely aligned along 
the injection direction while the chain orientation in the central core is more or less random. 
Still it is challenging to consider all the aspects of LCPs during simulation and modeling. 
Moreover, the processing of LCPs in injection moulding is also complicated. It is still a matter 
of great interest for simulation of LCPs during injection moulding. Yet, none of the four 
rheological models for LCPs mentioned and described earlier has been used to model the flow 
in any injection moulding process.  
 
2.7 Summary 
 
The topics reviewed in the previous sections were chosen specifically to address key aspects of 
this research.  
The molecular structures of liquid crystal polymers are extremely complex. Moreover, due to 
anisotropic nature of LCPs it is difficult to process them in injection moulding. The polydomain 
structure in LCP molecules as well as phase change  from nematic to isotropic, affect rheology 
during processing. In addition the morphological structure of LCP molecules plays an important 
role on the rheological properties. 
The rheological characteristics of LCPs are still not well understood. These LCPs exhibit some 
unusual characteristics compared to conventional polymers. In addition, very limited research 
have been reported about the rheological measurement of filled LCPs. Again, it is also 
challenging to get correct rheological data at high shear rate and at high temperature.  
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Liquid crystal polymers exhibit a number of anomalous rheological properties. These are as 
follows: 
 Three zone of shear dependent of viscosity is observed in some LCPs.   
 Viscosity increases with temperature 
 Negative first normal stress difference is observed 
 Overshoot is observed in the transient step rheology 
 Long relaxation time is obtained compared to conventional polymer 
 Shear induced crystallization is observed 
 Extra peak is observed in thermographs for nematic –isotropic transition 
 No abrupt change of volume is  observed during PVT analysis 
Some constitutive equations or models are available to describe the rheological behaviour of 
LCPs. Several critical aspects of LCPs should be considered during the modeling and simulation 
work for LCPs.  A rheological model developed by Leslie-Ericksen (LE). The LE theory 
describes the flow behaviour and molecular orientation of many LCPs. However, LE model is 
limited to low shear rates and weak molecular distortions. But at high shear rate the rate of 
molecular distortions is too fast. Besides this LE model fails to account for viscoelastic effects 
due to orientational distribution. The other prominent model had been developed by Doi.  The 
Doi theory was developed based on the concept of rigid rod-like polymers for dilute solutions. 
After that, Doi and Edwards developed the model to describe the complex dynamics of 
macromolecules at high shear rate. It was tested well and many researchers reported that the Doi 
theory is applicable for lyotropic LCPs of small and moderate concentrations. Moreover, Doi 
theory did not consider all the critical aspects of thermotropic LCPs. In addition, there are a lot 
variables involved in Doi theory, which are difficult to solve and are challenging for simulation. 
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Recently developed Leonov’s continuum theory of weak viscoelastic nematodynamics was 
developed on the basis of thermodynamics, constitutive relations, nematic viscoelasticity and 
deformation of molecules. In addition, the Leonov model also considers the evolution of 
director with shear. It appears Leonov model is best suited for further exploration of its 
applicability in the high as well as low shear rheology of LCPs. To test its validity some 
accurate high and low shear rheological measurement data of LCPs will be required. 
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Chapter 3 
 
Materials, Experimental Methods and Error Analysis 
 
The objective of this chapter is to describe the experimental equipments and the procedures used 
in this study for the measurements of different properties related to the characterizations of filled 
and unfilled liquid crystal polymers. In addition, the sources of error arising from experimental 
measurements and the techniques applied to correct or eliminate them will be discussed. 
3.1 Materials  
 
Most liquid crystalline molecules are highly anisotropic, and to a good approximation can be 
regarded as rigid rods. In general, the units of liquid crystal compounds consist of two or more 
aromatic rings (Tai-Shung, 1986). Depending upon the architecture of TLCPs, it can be 
classified as main-chain TLCPs or side-chain TLCPs. In some cases, the side chain group 
control the anisotropic nature of LCPs (Donald et al., 2006). The aromatic rings can be totally 
saturated cyclohexane, unsaturated biphenyl, triphenyl, or combinations of them. Isayev (2012) 
have studied  the influence of phenyl group on the melting point of TLCPs (Isayev, 2012).   
Usually, the longer the ring, the higher is the melting temperature of LCPs. The linking group 
makes an important contribution to the phase transition and superior physical properties. In 
general, LCPs have a high mechanical strength at high temperatures, extreme chemical 
resistance, inherent flame retardancy, and good weather ability. They are well resistant to stress 
cracking in the presence of most chemicals at elevated temperatures, including aromatic or 
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halogenated hydrocarbons, strong acids, bases, ketones, and other aggressive industrial 
substances (Chandrasekhar, 1994).  
  
 
               
Figure 3- 1: Different functional group of LCP (Tai-S, 1986). 
 
Figure 3-1 represents the major functional groups of liquid crystal polymers. Four aromatic 
nematic thermotropic LCPs in the form of pellets were chosen for this study. Two materials 
were filled with glass fiber while the other two were unfilled. FTIR images were used to 
determine the presence of functional groups in the samples. The molecular weights of LCPs 
were determined from moduli data and molecular weight distributions. Details of the method 
have been described in section 3.4.  Due to propriety rights, only the major constituents of 
TLCPs are mentioned. The following nomenclatures are used for different filled and unfilled 
LCPs in this study.  
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1. LCP Polymer A Unfilled:  (copolymer of p-hydroxy benzoic acid (HBA), 6-hydroxy-2 
naphthoic acid (HNA), terephthalic acid (TA), hydroxyl quinone, HQ) and amide group. 
2. LCP Polymer A filled: Filled LCP-A with 35% glass fibers. 
3. LCP Polymer B Unfilled: (copolymer of p-hydroxy benzoic acid (HBA), 6-hydroxy-2 
naphthoic acid (HNA) and terephthalic acid (TA)  
4. LCP Polymer B filled: Filled LCP-B with 30% glass fibers.  
The weight percent of glass fiber was converted to volume percent commonly using the resin 
burn-off method as described in ASTM D2584  (Medeiros et al., 2013). 
         
 
Here,  
fV = Volume fraction of fiber 
m = Density of the matrix (Yoon et al., 1992) 
fW = Weight fraction of fiber 
f  = Density of fiber 
mW = Weight fraction of matrix 
Table 3.1 represents properties of LCPs. 
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Table 3.1: Physical properties of LCPs 
Name Volume fraction 
of fiber 
Weight  fraction of 
fiber 
Molecular weight 
(g/mol)  
(Tuminello, 
1999) 
Processing 
temperature 
0C 
LCP-A Filled 23.13 % 35 % * 350-370 
LCP-A Unfilled 0 0 1.806E6 350-370 
LCP-B Filled 19.36 % 30% * 330-350 
LCP-B Unfilled 0 0 2.17E5 330-350 
* Molecular weight cannot be determined. 
 
3.2 Experiment 
 
The LCP materials were dried in a vacuum dryer at 1200C for eight hours to achieve target 
moisture content of less than 0.02 % prior to any use. The pellets were fed into continuous 
vacuum dryer, shown in Figure 3-2(a).  Before using LCP samples, the moisture of the LCPs 
were checked to make sure the targeted moisture content was achieved. The 756 KF coulometer 
(Figure 3-2 (b)) with titration cell without diaphragm and built-in printer was used for water 
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determination down to trace levels. The clear display provides information regarding the 
relevant titration parameters and unambiguous indication of the progress of the titration in the 
form of a curve showing the water reading in µg over time. Recommended measuring range is 
10 µg - 200 mg absolute water.  
 
Figure 3- 2(a): Single cone continuous vacuum dryer (Pauloabbe). 
 
Figure 3- 2(b): Photographic image of 756 KF Coulometer with generator with generator 
electrode (METROHM). 
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3.2.1. Thermal Analysis 
 
In this study thermal property characterisation of liquid crystal polymers were performed with a 
modulated DSC (MDSC) (TA Instrument Model 2920). Figure 3-3 represents the photographic 
image of TA thermal analysis instrument.   The dried pellet was used immediately in DSC on 
removal from the vacuum oven. For DSC measurements, the scanning rate (heating and cooling) 
of 100C/min was used.  The test samples ranged in weight from 5 to 10 mg, as determined using 
a Denver Instrument digital high precision scale. In all the experiments, encapsulated sample of 
5-10 mg in aluminium pan was used. An empty aluminium pan as inert reference and the sample 
pan were loaded into the cell. After loading the sample, experimental information through the 
TA controller, creation and selection of the required thermal method was chosen and experiment 
was started.  The samples were heated from room temperature to 400 oC, at which it was held 
for 2 minutes to establish thermal equilibrium. Then the samples were cooled to 25 oC and 
reheated again to 400 0C.  
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Figure 3- 3: The image of TA Instruments DSC 2920 used for thermal analysis in this work at 
RMPC laboratory (RMIT University). 
 
The thermographs were analyzed as follows: the glass transition temperature (Tg) was taken as 
the average of the intersection points of the extrapolated lines before and after transition, 
respectively, with tangent at the point of return at the rising curve. Melting (Tm) and 
crystallisation (Tc) temperatures were taken as the temperatures at the peak heights. The heats 
are related to the masses of the components in the material according to their composition. All 
the important data for analysis and calculation i.e. melting temperature, glass transition 
temperature, nematic isotropic transition, heat of fusion were taken at second heating run. First 
heating run was carried for elimination of history of memory in the samples and its raw data was 
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used to compare with the data of second heating run. All testings were repeated three times, to 
confirm the reproducibility of the results. 
 
3.3 Rheological Characterization 
 
The measurements of rheological properties of liquid crystal polymers under molten state are 
crucial to gain fundamental understanding of the processability of these materials.  Rheological 
behaviours of LCPs are strongly influenced by the abnormal orientation of rigid rod like 
molecules as well as by the presence of fillers. In this section, methods and equipments used to 
study dynamic and steady shear rheological measurements will be described. 
3.3.1 Sample (Plaque) Preparation: 
 
The dried liquid crystal polymers pellets were compressed to moulded plaques using a Wabash 
Instrument (Figure 3-4). The maximum applying pressure was 15 kPa and at a range of 
temperature from 330 °C to 360 °C. The material was progressively compressed till a pressure 
of 12 kPa (total compression time of about 12minutes) was achieved. Then samples were slowly 
cooled under pressure using cold water. The 2 mm and 3mm plaques were cut into 25mm 50 
mm diameter disc for shear rheological experiments for rheological measurement. This plaque 
of different sample sizes was also used for WAXD and thermal analysis. After the specimen 
preparation, all the plaques were kept in vacuum oven dryer (at 50 0C) to avoid the uptake of the 
moisture. 
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Figure 3- 4:  Photographic image of Wabash instrument at RMPC laboratory (RMIT 
University). 
 
3.3.2 Problems associated with processing of LCPs 
 
Whenever a LCP (Binet et al., 2005, Berry et al., 1991) is subjected to a shear field, there is a 
molecular reorientation process taking place resulting in the formation of a polydomain structure 
of randomly oriented nematic micro domains which finally lead to a behaviour like any other 
isotropic normal polymer. The alignment of the molecular domains now results in a different 
kind of texture evolution within the material subjected to shear flows. LCPs depict a typical 
tumbling behaviour under shear flow (The direction of molecular orientation rotates 
continuously in a shearing flow) resulting in a different micro structural and texture evolution. 
The unique structural behaviour of LCPs results in a flow geometry and pressure dependent 
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viscosity behaviour making the analysis of the material under shear flow (such as in a mould) 
difficult. Based on the microstructural evolution the shear viscosity of the LCP can be divided in 
to three specific regions.  LCPs do tend to show a shear thinning behaviour but in most cases do 
not show a plateau region or a zero shear viscosity making the use of simpler rheological models 
difficult (Feng and Leal, 1997, Johnson and Porter, 1974, Sgalari et al., 2002).  
3.3.3 Low Shear Rate Measurement 
 
Shear rheological properties were studied using the Advanced Rheometrics Expansion System 
(ARES) in both dynamic and steady shear modes with parallel plate geometry. The tests were 
conducted using both 25 mm diameter plates as well as 50 mm diameter parallel plates at 
temperatures between 330 0C and 380 0C for the various LCP materials. Cone and plates were 
also used to conduct (diameter 25 and 50mm, angles 0.02 to 0.1 rad) some tests.  All 
measurements were performed using a force transducer with a range of 0.2 to 200 g-cm torque. 
Prior to any test, the zero gap between the parallel plates was calibrated at the required 
temperature. For each test, the sample was placed between preheated fixtures for 10 minutes to 
reach thermal equilibrium, and then the gap was set.  
Dynamic frequency sweeps were conducted to determine the microstructure and dynamics of 
the materials. These tests were conducted at low strain amplitudes within the linear viscoelastic 
region and at frequencies ranging from 0.01 to 100 rad/s.  Dynamic measurement, over short 
and medium period of time is a very useful technique for investigating the structure of 
polymeric materials (Kamal and Mutel, 1985). It provides useful information on microstructure 
of material being used in the processability of the material. Valuable information regarding the 
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extent and dynamics of the structure formed by particles in viscoelastic fluids could also be 
obtained by these measurements . 
Dynamic (oscillatory) shear measurements were also conducted similar to that of shear rheology 
using the advanced rheometric expansion system (ARES) with parallel plate geometry similar to 
that of shear rheometry. The tests were conducted using 25 mm diameter plates as well as 50 
mm diameter plates at temperatures between 330 0C and 380 0C for the various LCP materials. 
All measurements were performed using a force transducer with a range of 0.2 to 200 g-cm 
torque. Prior to any test, the zero gap between the parallel plates was calibrated at the required 
temperature. For each test, the sample was placed between preheated fixtures for 10 minutes to 
reach thermal equilibrium, and then the gap was set. 
A photograph of the ARES instrument is shown in Figure 3-5 (a). The disk shaped samples of 
filled and unfilled LCPs were placed in between parallel plates as shown in Figure 3-5 (b). The 
lower plate is driven by motor, in either steady rotation or oscillation, while the upper plate is 
connected to a transducer, which measures torque and normal force. In oscillatory shear 
rheology tests, lower plate has a to-and-fro (oscillatory) movement, while, steady shear rheology 
measurements are conducted by rotational motion of the lower plate. The amount of movement 
in dynamic tests is controlled by the strain amplitude and frequency imposed. The speed of 
rotation is a function of shear rate imposed. Careful loading of the sample and proper use of the 
instrument was followed. First, zeroing of the plate gaps was done when the set temperature was 
reached. Both the plates should be properly and carefully cleaned without damaging the sensors 
of the machine. Before loading each sample, it was necessary to ensure that desired temperature 
has been reached and equilibrium temperature of the whole system. All measurements were 
recorded and analysed using Orchestrator software installed in the ARES machine. 
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Figure 3- 5(a) : Photographic image of ARES rheometer at RMPC laboratory (RMIT 
University). 
 
Dynamic strain sweep tests were carried out first to confirm the linearity of viscoelastic region 
up to 100% strain at 10 rad/s frequency. In addition, before dynamic and steady shear tests, time 
sweep measurements in dynamic mode at 10 rad/s frequency were done on these materials to 
check for thermal stability. All measurements for dynamic frequency sweep tests were 
performed over a frequency range of 0.01 rad/s to 100 rad/s. Steady shear rate sweeps tests were 
done using steady shear mode over a shear rate range of 0.01 s-1 to 10 s-1 at 10% strain. Steady 
shear rheological parameters are viscosity [η], shear stress [ ] and first normal stress difference 
[N1 = 2211   ]. 
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The rheological responses of LCPs are greatly influenced by the previous thermal and 
deformation history due to the orientationablility   of anisotropic rod like molecules (Lin and 
Winter, 1990, Kim and Han, 1993). To get reproducible rheological results, it is very important 
to control the initial condition of the LCP specimen. In this study, nematic and isotropic 
transition temperatures were obtained for all the samples. For controlling the initial condition, 
the samples were heated above the isotropization (nematic-isotropic transition temperature) 
temperature, which was below the thermal degradation temperature (Patrick et al., 2000). The 
samples were heated +100C above the normal processing window, which was also below the 
degradation temperature. For all four samples, thermal degradation temperatures were identified 
and all rheological experiments were carried out at well below this temperature. 
                                                        
Figure 3- 5(b): Schematic diagram of parallel plate (Instrument). 
 
In order to have a consistent  deformation history in shear rheology, a pre-shear was applied to 
all the samples (Anthony et al., 2004).  The LCPs were pre-sheared at shear rates higher than 
those used during test. In this study, a maximum shear rate of 10 s-1 was used for shear rheology 
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experiments.  After pre-shearing, all the samples were allowed to rest for 2 minutes before 
conducting the steady shear test.  
LCPs also exhibit time dependent rheological behaviour in the low shear rate region.   To avoid 
oxidation and thermal degradation, all the experiment in ARES were conducted in nitrogen 
atmosphere. During shear rheology in ARES, only five points were measured per decade to 
avoid the time dependency and degradation. After measurement in each decade of shear rate 
sample was removed and new sample was place. All the frequency sweeps as well as steady 
shear rate tests were repeated at least three times to confirm the reproducibility. 
 
 
3.3.4 High Shear Rate Measurement 
 
The high shear rate rheology test was conducted at the Autodesk research facilities. CEAST 
SR20 double piston-driven capillary rheometer (using circular dies) was used to carry out high 
shear rate experiments.  The CEAST SR20 is designed to characterize the most common 
polymers or blends. It is suited for single or twin bore barrel configuration, with a maximum 
range of 20 KN and a standard 15 mm (0.59 in) diameter bore. The test data is collected, 
conveniently managed, and analyzed by dedicated standard software that is designed with a 
user-friendly interface to control the test instrument. The standard software enables users to run 
the capillary rheometer through a password-based access that is designed for maximum security. 
It provides the complete flow curve of tested materials and comparison charts for Statistical 
Quality Control (SQC) and for material curves reference. A diagram of the double bore capillary 
rheometer CEAST SR 20 is given in Figure 3-6. 
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The high shear rate ranges were approximately from 10 s-1 to 6000 s-1. Three different 
temperature ranges were used for the two groups of polymers (A and B). The tests for LCP 
polymer A was conducted from 340 °C to 360 °C with 10 °C increments, and the tests for LCP 
polymer B was conducted from 330 °C to 350 °C with 10 °C increments using different length to 
diameter (L/D) ratios. In this study, L/Ds of 5, 20 and 40 were used. Bagley correction was 
incorporated to get the true shear stress and shear rate data.  
                                           
Figure 3- 6: Double bore capillary rheometer CEAST SR20 (INSTRON). 
 
 
3.4 Molecular Weight Distribution (MWD) 
 
The dynamic rheological measurements, i.e. storage and loss moduli are strongly dependent on 
the MWD and degree of long chain branching (Lin et al., 2002). The moduli data are used to 
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determine the relaxation spectrum, MWD and average and longest relaxation time, essential for 
modelling and simulation. 
The MWD of polymeric materials strongly influences their processability and it is usually 
determined using size exclusion chromatography (SEC) .This SEC has been around for decades 
and it is the classical technique for determining MWD. However, this is sometimes difficult and 
time-consuming. The SEC requires dissolution of the sample and some polymers are difficult to 
dissolve, like semi crystalline fluropolymers made form tetrafluroethyle and some liquid crystal 
polymers (Thomas et al., 1994, Tuminello, 1999).  On the other hand, some polymers, which 
can dissolve easily, rheological measurements are capable of detecting subtle structure 
difference between samples that SEC is not capable of , such as long chain branching 
(Tuminello, 1999). Mead and Friedrich et al.  (Maier et al., 1998a, Mead, 1994) developed the 
algorithm (modulus model)  to determine the MWD using rheological data, which carry the 
same information like SEC. Pioneering works had been conducted by Mead and Thimm et. al 
(Thimm et al., 1999) separately in the field of determining MWD from rheology and Mead’s 
algorithm formed the basis of the molecular weight distribution module in Rheometric 
Scientifics’ Orchestrator software, whereas Thimm’s was used by TA instruments in their 
Rheology Advance software (Costello, 2005). 
Storage (G') and loss (G") modulus data (shown in Figure 3-7) as a function of frequency are 
required to calculate MWD using Rheometric software.  It is required to choose a complete set 
of data at low frequency region to get the high MW component.  The first step is to convert the 
moduli data to the linear relaxation spectrum; )(H .This function can be valued from its linear 
relaxation modulus G (t). The relaxation of liquid crystal polymeric materials is due to various 
processes taking place within the sample, principally the motion of the whole or parts of the 
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polymer molecules.  The overall relaxation process or “mode” contributes a strength and 
timescale to the overall relaxation effect, and )(H  represents the strength of relaxation at each 
timescale (Costello, 2005, Mead, 1994). 
 
Figure 3- 7: Storage and loss moduli for a 1:1 by mass blend of polymers of Mw 115k and 
1150k (Costello, 2005). 
 
Advanced rheometric software directly converted the moduli data to relaxation spectrum, )(H  
(shown in Figure 3-8) and then this relaxation spectrum is used to generate molecular weight 
distribution w(M) (shown in Figure 3-9).The timescale of relaxation spectrum are controlled by 
two main types of modes, such as low frequencies and high frequency modes. Rouse modes 
dominate in the high frequencies commensurate at short timescales. These are due to the 
motions of segments of each polymer molecule. In lower frequencies (longer time scales), 
motions of whole molecules give rise to reptation modes. The Rouse modes are weakly 
dependent on w (M), and they must be subtracted from the spectrum. The part of the spectrum 
due to reptation modes is then used to provide w (M). An approximation formula based on the 
G’ 
G” 
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double reptation rule is used to measure the transformation of )(H  into w (M). The basic 
equation is the (generalized) mixing rule as presented by Maier et at.  (Maier et al., 1998b) has 
been used in Rheometric software:  
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In equation 3-2, Gr is the reptation modulus GN is the plateau modulus, and 2/ce MM   is the 
entanglement molecular weight (Mc is the critical molecular weight). F (M, t) denotes the 
relaxation kernel function, which describes the relaxation behaviour of a molecular weight 
fraction with a molecular weight of M, and  is a parameter which characterizes the mixing 
behaviour.  
   
Figure 3- 8: Relaxation spectrum calculated from the data shown in Fig.3.7 (Costello, 2005). 
 
       
    (3-2) 
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Figure 3- 9:  w (M) calculated using the algorithm of Mead (closed circles) and Thimm et al. 
(closed squares) and obtained from SEC (open circles) (Costello, 2005). 
 
3.5 Thermal Stability Thermogravimetric Analysis (TGA) 
 
Thermogravimetric Analysis (TGA) measures the amount and rate of change in the weight of a 
material as a function of temperature or time in a controlled atmosphere. Measurements are used 
primarily to determine the composition of materials and to predict their thermal stability at 
temperatures up to 1000°C. TGA analysis involves three steps simultaneously: (a) heating the 
sample, (b) measuring the temperature and (c) measuring the sample weight. Thus it gives the 
sample mass loss due to volatilization of degraded by-products after degradation due to high 
temperature and also as a function of temperature.  
Mead 
 
SEC 
 
Thimm 
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Figure 3- 10: Photographic image of thermogravimetric analyzer at RMPC (RMIT University). 
 
The onset temperature of degradation (Tonset) and the end temperature of degradation (Tend) can 
be obtained from the TGA and the difference between them (Tonset) and (Tend), ΔT, represents 
the temperature range for thermal degradation of a given sample. The ratio of ΔT with the 
heating rates gives the overall degradation time of the sample. Thermal properties of liquid 
crystal polymers were examined using a thermogravimetric analyser (TGA) (Q50 
thermogravimetric analyser V6.4, TA Instruments, Delaware, USA) (Figure 3-10). Samples of 
approximately 20-25 mg were heated from 25 to 600oC at a heating rate of 25oC/min under 
nitrogen atmosphere. Samples were placed in a Platinum pan. During the test, balance gas used 
was nitrogen with flow rate of 10 ml/min and sample gas (nitrogen) with flow rate of 90 ml/min. 
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3.6 Environmental Scanning Electronic Microscope (ESEM) Images 
 
Morphology of LCP molecules and dimension of glass fibers were examined using an FEI 
Quanta 200 Environmental Scanning Electronic Microscope (ESEM) (shown in Figure 3-11), at 
an acceleration voltage of 30 kV and pressure of 0.50 Torr. The compression moulded samples 
were heated till their melting point in nitrogen chamber. After that the molten samples were 
cryo-fractured directly immersed in liquid nitrogen. Apart from this, the unmoulded filled LCP 
pellets were also used to study its morphology. The LCP samples were sprayed on a carbon tape 
to study its morphology. Samples were then mounted on to a sample holder (sputter) with the 
fractured surface facing upwards. The sputter was coated with gold and then placed in the 
ESEM sample chamber. Various sample surfaces were scanned to obtain a visual impression of 
fiber length and diameter. 
 
Figure 3- 11: Photographic image of FEI Quanta 200 ESEM (Carolina). 
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3.7 Fourier Transform Infra-Red (FTIR) spectrum 
 
Infrared spectra can be used for the elucidation of molecular structure and for the identification 
of organic compounds (Smith, 2007).The functional groups (e.g. C-H, C ¼ O, C-N, C-Cl) of 
materials give rise to characteristic infrared absorption peaks at specific wavenumbers, 
principally determined by the bond strength (dependent on the force constant and atomic 
masses). The positions and relative intensities of absorption bands have been established for the 
functional groups present in a molecule, enabling basic chemical identification (Smith, 2007). 
Fourier Transform analyses were performed on a Perkin Elmer Spectrum for unfilled liquid 
crystal polymer to confirm the presence of functional groups in molecules. The ratio between 
the sample and potassium bromide (KBr) was at about 1: 100 prior to compacting into this pallet 
using 8 tonnes force hydraulic press at 5 minutes. Infrared spectrums were obtained in 
transmission and were set to operate in the range of 600 – 4000 cm-1. 
3.8 Wide Angle X-ray Diffraction (WAXD) 
 
Wide-angle X-ray scattering (WAXS) or wide-angle X-ray diffraction (WAXD) is an X-ray-
diffraction technique that is often used to determine the crystalline structure of polymers or 
liquid crystal polymer. This technique specifically refers to the analysis of Bragg peaks scattered 
to wide angles, which (by Bragg's law) implies that they are caused by sub-nanometer-sized 
structures. In this research, WAXD technique was used to determine the degree of crystallinity 
of polymer samples. The diffraction pattern generated also allows determining the chemical 
composition or phase composition of the film, the texture of the film (preferred alignment of 
75 
 
crystallites), the crystallite size and presence of film stress. According to this method the sample 
is scanned in a wide-angle X-ray goniometer, and the scattering intensity is plotted as a function 
of the 2θ angle. X-ray diffraction is a non-destructive method of characterization of solid 
materials. When X-rays are directed in solids they will scatter in predictable patterns based upon 
the internal structure of the solid. A crystalline solid consists of regularly spaced atoms 
(electrons) that can be described by imaginary planes. The distance between these planes is 
called the d-spacing. The intensity of the d-space pattern is directly proportional to the number 
of electrons (atoms) that are found in the imaginary planes. Every crystalline solid will have a 
unique pattern of d-spacings (known as the powder pattern), which is a “finger print” for that 
solid. In fact solids with the same chemical composition but different phases can be identified 
by their pattern of d-spacings.In this work, the degree of crystallinity has been carried out by 
using XRD equipment, Bruker AXS D4 Endeavour X-ray diffractometer, with a reflection 
geometry and Cu or Co radiation. The data were obtained within the scattering angles (2θ) range 
of 50-90o. A photographic image of x-ray diffractometer used in the analysis of d-spacing can be 
seen in Figure 3-12. Thus experiment was used for the analysis of the WAXD data for 
crystallinity calculation. 
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Figure 3- 12: Photographic image of Bruker D4 ENDEAVOR X-ray diffractometer (Bruker, 
2009). 
 
To evaluate the mean crystallite size within a sample with maximum accuracy, Bruker 
performed a profile fitting to a measured reflection with TOPAS (the software considers all the 
effects of the instrument parameters on the profile shape).Even the sample is a complex 
composition of different phases and states, TOPAS can be used to determine the amorphous 
content and the various phase components can be separated or a lattice parameter refinement can 
be performed. TOPAS can do this because it exactly defines the complete diffractogram 
mathematically. In this study, the percentages of crystallinity were calculated using TOPAS 
software. 
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3.9 Pressure-Volume-Temperature (PVT) analysis 
 
 Confining-fluid technique was used to perform p-v-T analysis of liquid crystal polymer. The 
sketch diagram of confined fluid technique is shown in Figure 3-13. The sample was enclosed in 
a rigid sample chamber, which was submerged into a fluid (mercury). The cell is closed using a 
flexible wall or bellows. The bellows is used to apply hydrostatic pressure to the fluid and 
polymer by reducing the sample chamber volume, and sensing the cumulative volume change of 
fluid and samples. The absolute specific volume of the polymer can be obtained by correcting 
the relative volume difference with the specific volume of the confining fluid (Luyé et al., 
2001). Both pressure and temperature can be varied. The advantages of this technique are: 
-Pressure is purely hydrostatic as the sample is surrounded by the confining fluid in both 
molten and solid state 
-There is an absence of leakage and friction 
 
 
 
 
 
Figure 3- 13: Sketch diagram of confined fluid technique (Luyé et al., 2001). 
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The PVT analysis were conducted to investigate the nature of phase transition of LCPs and   to 
identify shrinkage and thermally induced stresses. 
3. 10 Experimental Errors and Uncertainty 
 
It is not possible to measure any physical quantity with perfect certainty; there are always errors 
in any measurement. While conducting an experiment a person may encounter one or more 
types of errors: human error, systematic error, and random error. Thus one way to analyse 
experimental error is with a percentage (%) error calculation. Errors can occur unwillingly 
during the preparation of the samples or during the experimental measurements. These errors 
can affect the properties and conclusions made by the experimental work. However, as great 
care has been taken in experimental measurements, it is expected to reduce the errors and, 
thereby, gain greater confidence that the measurements approximate ever more closely the true 
value (Taylor, 1997, Philip and Robinson, 1992). In this research, personal measurement skills 
as well as experimental methods have been employed to improve measurement efficiency and to 
reduce experimental errors. This section aims to discuss briefly the inherent errors that occurred 
during the experimental measurements. 
3.10.1. Thermal Characterisation (DSC) 
 
Thermal characterisation of all the samples was done by DSC (TA Instrument Model 2920). 
Samples amount and weight used in experiments was very small, of the range of 5-10 mg. 
Therefore, the sample was chosen carefully so that it should represent the whole materials. This 
gave high precision in the experimental results. In DSC instrument ΔT sensitivity and 
temperature precision according to the manufacturer was 0.0001oC and ± 2oC respectively. This 
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means that there was very less uncertainty of the data in the instrument. Therefore, possibility of 
error can be ignored while reporting thermograms of the samples in this thesis. 
 
 
 
Figure 3- 14: Thermograph of LCP-A for two different runs. 
 
 
Repeatability and reproducibility were also checked. Data sheet values were matched with the 
experimental values. Figure 3-14 shows very insignificant difference between two runs.  Again 
before running these experiments, samples were vacuum dried to reduce the effect of moisture 
on the thermal properties. The polymers used in this research were highly hydrophobic in 
nature. 
1st Run 
2nd Run 
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3.10.2 Thermal stability (TGA) 
 
Thermal stability of LCP samples was determined by thermogravimetric analysis (TGA). This 
technique involves three simultaneous steps which are as follows: 
- Heating the sample 
- Measuring the temperature and 
- Measuring the sample weight 
Plot between temperature (oC) and sample weight (%) helps in determining the onset of 
temperature of thermal degradation (Tonset) and end temperature of degradation (Tend) of the 
samples.  
TGA instrument (Q50 themogravimetric analyser, TA Instruments, Delaware, USA) was used to 
study the effect of the presence of clay on thermal stability of liquid crystal polymers. 
Conditions at which experiments were done have been stated in the previous section of this 
chapter. The precision of this TGA instrument according to the manufacturer was specified as 
about 5%. This can vary depending on the operator and frequency of calibration. During the 
experiment users may distort the sample pan which supports   the platinum stirrups. The mass of 
the sample pan was continuously recorded as a function of temperature with the help of a 
thermocouple installed with the instrument. The change in distance between the pan and 
thermocouple may result in variation of the calibration which can introduce error in the 
results(Shanks, 2008). Therefore, to reduce this error a calibration check on standard material 
was analysed before/during measurements. Absolute error of weight pan was 0.0001 mg thus; 
the instrument was highly accurate regarding the weigh measurements. 
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3.10.3 Sample Preparation 
 
Drying prior to processing is essential for liquid crystal polymers. The polymer is stable in the 
molten state, provided that the extrusion and drying procedures are followed . The MSDS 
(Material Safety Data Sheet) recommended a moisture content of less than 0.02 % (200 ppm) to 
prevent viscosity degradation. Typical drying conditions are also stated in the data sheet. The 
materials should not be exposed to atmospheric conditions after drying. Most of all the 
researchers who have done investigations on LCPs also recommended drying the polymer in 
vacuum oven before processing. After carefully dried, liquid crystal polymers were kept at 50 
oC under vacuum for at least 24 hours. The main reason behind drying the polymers was to 
minimize the hydrolytic degradation of the liquid crystal polymer during the subsequent melt 
processing. 
3.10.4 Rheological measurements 
 
Error for rheological characterisation can be stated as instrumental error, method error and 
personal error. Instrument error includes temperature control of the machine used for 
rheological measurements. Method error included variable nature of the liquid crystal polymers 
and its properties such as degradation due to high temperature and shear. One type of error is 
personal error which could occur during the loading of the sample between parallel plates and 
setting up minimum gap between the parallel plates.  
The processing temperatures of LCPs are very high. Presence of even the small amount of water 
traces can undergo hydrolytic scission of the polyester linkages at high temperatures during 
experimental rheological measurements. All the samples were dried at its best to remove the 
moisture content, thus method error can also be eliminated. Discs of samples were loaded 
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between the parallel plates very carefully and the correct gap between the parallel plates was 
maintained during the tests. So, personal error can also be neglected. The instrument (ARES 
rheometer) used for these rheological measurements is very sophisticated and has high accuracy 
in temperature control. Its temperature accuracy according to the manufacturer was within          
± 0.1 °C. Thus instrumental error is significantly negligible. 
As the instrument used for rheological measurements is highly sophisticated and advanced in 
technology, the only error that may occur is sampling error. Sampling error may occur in both 
dynamic and steady shear measurements. Samples that were used represented the whole amount 
of the LCPs. Thus to reduce this error, at least three discs (samples) from different compression 
moulded plaques were used to check the reproducibility of results. Figure 3-15 represents the 
temperature accuracy of ARES rheometer. It is clear from figure 3-15 that ARES rheometer 
temperature control is very accurate. 
 
 
Figure 3- 15: Determination of instrumentation sensitivity for the measurement presented in 
Figure 3 - 18. 
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3.10.4.1 Variation in parallel plates diameters 
 
The rheological experiments were conducted using two different sets (25mm and 50mm 
diameter) of parallel plates. Data obtained from 50mm parallel plates are a little bit higher than 
that obtained from 25mm plates, however the differences are insignificant (Figure 3-16). 
Pasanovic-Zujo et al (2004) in the RMPC also studied the steady shear rheology  in the same 
ARES rheometer using 50mm parallel plates and cone and plate geometry and found minimal 
difference between these and 25-mm parallel plates (Pasanovic-Zujo et al., 2004). More samples 
are required for 50mm parallel plates in comparison to 25mm plates and cleaning and 
maintenance of the plates is also cumbersome. Furthermore, 50mm plates took more time to 
melt the sample and less time remained to run the experiment. The LCPs exhibited significant 
time dependendent rheological behaviour in the low frequency region (below 10 rad/s). Possible 
mechanism of time dependency will be discussed in chapter 4. Considering time and thermal 
degradation of LCPs, only few correct data can be obtained for one sample by using 50mm 
plates in the ARES rheometer. Due to the insignificant variations of the data obtained from two 
different plate sizes, 25mm parallel plates were used for all rheology in this study. 
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Figure 3- 16:  Dynamic shear rheology of LCP-A unfilled at 350 0C for two runs. 
 
3.10.4.2 Time Dependent Rheology 
 
In this study, a series of rheological measurements for a fully nematic thermotropic liquid 
crystalline polymer have been reported in the result and discussion chapter. Throughout the 
experiment, the time-dependent rheological behaviour of the material was considered, as small 
differences in sample thermal history could have a significant impact on the measured 
rheological parameters.     
To get reproducible result as well as to ensure identical initial condition all the measurements 
were made considering elapsed time at constant temperature. The elapsed time was defined 
relative to the time at which thermal equilibration was reached. After loading the sample (which 
was at room temperature) into the heated rheometer chamber a time lag of approximately 8-10 
minutes were required before the sample and rheometer attained the desired temperature. The 
onward time was accurately followed for each sample. Gochanour and  Weinberg (1986) 
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considered the elapsed time as zero time during their study of the time dependent rheology of 
thermotropic rheology and it was keep constant for each sample (Gochanour and Weinberg, 
1986). 
The rheological properties like; complex viscosities, elastic and viscous modulus were increased 
with the increase of time at constant temperature and at constant oscillatory shear rate. However, 
little time dependent rheological behaviour was observed, at high oscillatory shear rate. Figure 
3-17 represents the time dependent behaviour of LCP-A at constant frequency of 1 rad/s. It 
observed that equilibrium reached for LCP-A after almost 4500s. Storage moduli data is more 
time sensitive compared to loss the moduli data (Kalika et al., 1989). It is observed that loss 
moduli reached equilibrium earlier compared to the storage moduli.   
 
Figure 3- 17: Time dependent rheology of LCP-A Unfilled at 350 0C (frequency 1 rad/s and 
strain 6 %). 
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3.10.4.3 Thermal and Deformation History Dependencies 
 
The rheological behaviour of LCPs is highly dependent on thermal and deformation histories 
compared to conventional polymer (Kim and Han, 1994a, Han et al., 1994, Kalika et al., 1989, 
Gochanour and Weinberg, 1986).  This is mainly due to the complex structure of LCPs, whose 
morphology depends on previous deformation and also varies with the change in temperature. 
Hence, only under the identical initial conditions (i.e. morphologies), the reproducible 
rheological data can be achieved. Otherwise, it would not be possible to observe the effect of 
test temperature and the effect of thermal history from the overall rheological response.  In 
1993, Kim and Han studied the oscillatory shear flow behaviour of thermotropic liquid crystal 
polymer and reported anomalous rheological behaviour in the nematic state (Kim and Han, 
1993). In their study, it was reported that in the nematic phase the rheological properties varied 
continuously and it was not possible to get meaningful rheological measurements. 
Some studies also suggested the strategies to overcome the problem as well as to get 
reproducible data. Han et al. (1994) suggested to heat the sample above the clearing temperature 
(the temperature at which the liquid crystal phase attains isotropic liquid phase) of LCP’s in the 
isotropic state, and then cool to the measured temperature before making rheological 
measurements (Han et al., 1994). This strategy can only be achieved when the clearing 
temperature of LCPs are far below their respective thermal degradation temperature. 
Unfortunately, the clearing temperatures of most commercial LCPs today are close to or higher 
than their degradation temperatures. Accordingly, another strategy was proposed by Belatreche 
(Belatreche, 2002) through pre-shearing the sample at the preset measured temperature, and then 
relaxing before conducting rheological measurements.  
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In LCPs, the crystalline phase exists in both solid and liquid phase. Viscoelastic response of 
liquid crystalline polymers (LCPs) is very sensitive to smectic-nematic and smectic-isotropic 
phase transitions (Gray, 1998) . Polymers during their phase transitions develop unusual 
rheological behavior which is distinct from that of liquids or solids. It is still a matter of 
investigation to identify the rheological behaviour of LCPs during the phase transitions.  The 
phase transition also depends on shear rate i.e. it simultaneously depends on shear and 
temperature.   In this study, the approximate phase transition temperatures have been identified 
for LCP-A (370 °C) for LCP-B (342 °C).  Considering the above safety precautions, the LCPs 
were heated + 10 °C above the testing temperature and pre-shearing applied before conducting 
rheological measurement. The rheological behaviors of all four LCPs were successfully 
investigated. 
 
3.10.4.4. Dynamic Oscillatory Shear Measurements 
 
Dynamic oscillatory shear measurements included dynamic strain sweeps, dynamic frequency 
sweeps and dynamic time sweep measurements. For all these tests repeatability of the runs is a 
very important issue that needs to be addressed. Repeatability of the runs is required to ensure 
the consistency of the measurements. Figure 3-18 showed the repeatability of the dynamic 
frequency sweep measurements performed on LCP-B filled at 330oC at 5% strain. From 
frequencies 0.1 to 100 rad/s,  experimental data for LCP-B filled run 1 almost overlapped LCP-
B filled run 2, hence it can be said that the repeatability is excellent for these samples.  
However, at low frequency (0.1 rad/s) there was a slight deviation. At low frequency region, 
torque may be high at low strain i.e. 5 % in this case, that may be the reason where instrument 
becomes more sensitive. This type of behaviour has been observed in all the samples tested, 
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where at low frequencies deviation can be seen. In this study, the maximum error was estimated 
as approximately 8 % for all the tested material at low frequency. Lenz (Lenz, 1985)  also 
observed this type of slight deviation at low frequencies with liquid crystal polymers 
composites. Therefore, to reduce this error repeat runs were performed for each sample and an 
average of two measurements has been presented in this thesis. 
 
Figure 3- 18: Dynamic storage modulus data for LCP-B filled @ 330 0C. 
 
 
All dynamic rheological measurements were conducted in the linear viscoelastic region. To 
diminish the time dependent effect as well as to get meaningful reproducible data, the 
viscoelastic data were taken 0.1 rad/sec to 100 rad /sec. The frequencies were also applied in the 
both forward and reverse directions.  
There is one other type of error called resolution error. Resolution error mainly occurs during 
dynamic measurements. To reduce this error, care was taken so that torque during the test did 
not go below 0.02 g-cm (0.02 g-cm is the limit for transducer). If torque decreases further 0.02 
LCP-B Filled G' Run 
1 
LCP-B Filled G' 
Run 2 
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g-cm, then the behaviour of the graph at low frequencies will be very much distorted. To reduce 
this error as much as possible, strain% was increased during the test through control test setup to 
maintain the torque above 0.02 g-cm. 
 
 3.10.4.5 Steady Shear Measurements 
 
A number of studies (Titomanlio et al., 1988, Seung and chang, 1993, Marrucci and Guido, 
1995, Isayev, 1987) has been reported regarding the importance of steady shear   for the 
processability of liquid crystal polymeric materials. Steady simple shear flow is mainly used in 
many industrial processes. Melt viscosity is determined as a function of shear rate. Possible 
causes of errors are the presence of moisture, oxygen, and temperature. All these combinations 
cause thermal degradation while rheological measurements are made. Moisture and oxygen 
present in the polymer sample at high temperature during the measurements would cause 
thermal degradation. Gregory and Wampler (Gregory and Wampler, 1985) suggested that 
increasing or decreasing shear rates can lead to significant errors in measurements of the effect 
of shear rate on the melt viscosity of thermally sensitive polymers, including polyesters. The 
effect of thermal degradation on the rheological measurements has already been mentioned in 
the previous section. Steady shear viscosity experiments took shorter times compared with 
oscillatory tests.  To avoid the time dependency, only five points were collected per decade of 
shear rate. Before and during the experiment best possible ways to reduce the thermal instability 
were adopted. Dried and fresh samples were used for each test in nitrogen atmospheres. 
Other errors that may occur with these measurements are as follows: 
-  Instabilities in flow during the test 
- Repeatability of the results 
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-  Reproducibility of the results 
Instability of flow means errors due to edge fracture or centrifugal expulsion. These instabilities 
usually occur at high shear rates. For some LCPs, there is slippage that occurs over shear rate of 
10  s-1 . In ARES, the steady shear measurements were conducted up to 10 s-1.  
 
Centrifugal expulsion only happens in the samples with very low viscosities, which was not the 
case in this research. Thus this error was not considered. Sample fracture or edge fracture can 
always occur during the tests. All the samples were heated 10 °C above the testing temperature 
as well as pre-shearing was applied. Therefore, it was possible to minimize the edge fracture. 
There was no remarkable time dependent rheological behaviour observed in the steady shear 
rheology.  
3.10.4.6 Variation of shear rate 
 
In ARES, the parallel plate geometry has a deficiency in that the shear rates are not constant 
along the radial position of the sample. The variation of shear rate for parallel plates is described 
by Equation 3.3  
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Where  r = steady shear viscosity at the rim of the plates,  angular velocity, M= total 
measured torque, r= radius of the plate at the rim or edge, h= gap between plates. 
 (3-3) 
    (3-4) 
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In parallel plate geometry, shear rates range from zero at the centre to maximum at the edge or 
rim of the plate. Strain has also been reported to change in a similar manner (Macosko, 1994, 
Morrison, 2001). A significant error on the measured values can occur during the experiment 
depending upon the range of shear rates. However, a derivative relating the shear stress to total 
torque can be used to correct the viscosity obtained from the parallel plate rheometer(Macosko, 
1994). Using the basic expression of viscosity being a ratio of shear stress to shear rate and 
Equation 3-4, a corrected version of shear viscosity was determined in this research and 
presented in Figure 3-19. An insignificant variation was observed between corrected and 
uncorrected steady shear viscosity (Figure 3-19) for data obtained from steady rate sweep test in 
ARES rheometer for a shear rate range of 0.025 s-1 to 0.25 s-1. 
 
 
Figure 3- 19: Viscosity correction data of LCP-A @ 350 0C from ARES rheometer using 
Equation 3-4. 
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3.10.4.7 Capillary Rheometer 
 
Steady shear rheological data at high shear rate (from 10s-1 to 6000 s-1) were obtained using a 
CEAST SR20 double bore capillary rheometer. The sources of error from the Capillary 
rheometer are: 
 
 Wall slip 
 Melt fracture 
 Temperature variation 
 Thermal degradation 
 
3.10.4.7.1 Wall Slip 
 
For capillary rheometer, wall slip is a common phenomenon and happens at a certain critical 
shear stress when the melt no longer adheres to the wall (Macosko, 1994) . In this case, wall 
velocity will be a significant number, rather than zero and hence velocity profile of the melt will 
be altered. Therefore, wall shear rate (Equation 3-5) needs to be corrected (Dealy and Wissburn, 
1990) according to the equation 3-6. 
 
D
V
R
Q
A
84
3
.


                                               (3-5) 
 
 
where Q=   R2 V , Q is the volumetric flow rate, V is the average velocity, R and D are the 
radius and diameter of the die, respectively. A lot of researchers has been reported about the 
wall slip velocity in the capillary rheometer (Kalika and Denn, 1987, Ramamurthy, 1986). In 
this study, three different lengths (5mm, 20 mm and 40 mm) were used for capillary 
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experiments and shear rates were corrected using the Rabinowitsch equation (Equation 3-5) 
(Macosko, 1994, Dealy and Wissburn, 1990). The corrected capillary data are shown in Figure 
3-20. 
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Figure 3- 20: Correction of capillary data of LCP-A filled at 350 0C. 
 
 
3.10.4.7.2 Melt Fracture 
 
Melt fracture is another common phenomenon for capillary rheometer.  Melt fracture is caused 
by two distinct phenomena i.e. pulsations in melt pressure and skin rupture (Denn, 2001). 
Pulsations in melt pressure are caused by a slip or stick phenomenon in the die. When polymeric 
materials stick and then break loose from metal surfaces in the die, melt pressure goes up and 
             (3-6) 
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down. Pulsations are transmitted through the melt as it exits the die, ripple out from an 
epicentre. Melt fracture also depends on the extrusion speed and melt temperature(Wagner et al., 
1997) .  In this study, no significant variation in pressure was observed. The surface of extrudate 
strand was also smooth. Melt fracture limits the shear stress for highly viscous material and 
usually happens at a critical shear stress (Macosko, 1994). Any discolorations of the extrudate 
strand or abnormal data from the transducer were considered as an erroneous data due to 
thermal degradation or other reasons. The last data presented in Figure 3-20   showed a shear 
stress of 12.9 MPa at a shear rate of 3400 s-1 .  
 
 
Figure 3- 21: Capillary and ARES data of LCP-A Filled @ 350 0C. 
 
It is observed in Figure 3-21 that data obtained from ARES rheometer (0.01s-1 to 10s-1) agreed 
well with the corrected data (26 s-1 to 3400 s-1) obtained from the capillary rheometer. 
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3.10.4.7.3 Temperature Variation 
 
A digitally equipped temperature sensor was fitted at the die entry to adjust any possible 
temperature variation during any isothermal experiment using the Ram extruder. For all LCPs, 
temperature variations were minimised and hence correction of Capillary data was not required. 
 
 
 
3.10.4.7.4 Thermal Degradation 
 
Long time shearing, moisture content and any hidden air bubble could be the cause for thermal 
degradation of the melt in the barrel of the extruder. A correct experimental procedure was 
followed during loading the pot with the polymer pellet. Experiment was discontinued for any 
discoloration of the melt, any possible fracture or any noise from air bubble. Therefore, no 
corrections were made for the thermal degradation for the Capillary data obtained at different 
temperatures. 
 
3.10.5 WAXD Analysis 
 
In this study, WAXD analyses have been conducted to measure the degree of crystallinity by 
Bruker AXS D4 Endeavor with high precautions. The error accounted in WAXD study is 
generally the effect of X-Ray scattering by air (Alexander, 1969). This effect is usually 
corrected by conducting the X-Ray experiments in a vacuum condition. Cser and Bhattacharya 
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(2003) corrected the sample WAXD intensities by subtracting the background scattering 
generated by air (Cser and Bhattacharya, 2003) . However, this effect is less significant and can 
easily be ignored for diffraction angle(2θ) of 1.6 or higher(Prashad, 2004). In this study, the 
WAXD peaks and widths were analyzed and found between diffraction angle (2θ) of 10° and 
80°. Therefore, no corrections were made on any data obtained from the Bruker AXS D4 .  
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Chapter 4 
             Results and Discussion 
Morphology and Rheology 
 
This chapter provides analysis of the results obtained from the experimental work performed 
during the course of this research work. Structure and morphology of the liquid crystal polymers 
will be discussed through FTIR and ESEM results. These experiments reveal the presence of 
major constituents (i.e. cyno and phenyl mesogen groups, CH aromatic deformation, CH2 
asymmetric alkyl chain, Amide I) in LCPs, aspect ratio of fibers as well as orientation of the rod 
like molecules and the fillers with shear. Rheological studies reveal the structure-property 
relationships of these filled and unfilled polymeric materials. Determination of zero shear 
viscosity, molecular weight distribution, nematic isotropic phase transition, shear thinning 
behaviour as well as normal stress differences of LCPs are reported in this chapter. These 
rheological data have been used in the prediction of LCP flow behaviour in Chapter (5). 
Moreover, time dependent rheological responses are also discussed as it is important for the 
processing of these materials.  Wide angle X-Ray diffraction (WAXD) data have been analysed 
to discuss the crystallization behaviour of LCPs. The differential scanning calorimetric (DSC) 
data have been used to discuss phase transition as part of thermal analysis.  
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4.1 Thermal Analysis 
 
The mesophases of liquid crystal polymers possess nematic, smectic and isotropic phases. The 
existence of these phases depend mainly on the temperature. A number of studies has been 
reported regarding the determination of phase transition temperature by DSC experiment  (Fan 
et al., 2003, Kim and Han, 1994b, Zhou et al., 1999). The DSC measurements were conducted 
for filled and unfilled LCP materials. The rigid rod like molecules remain crystalline in both the 
solid and molten phase. In the solid state, the molecules are highly crystalline and in the molten 
state the molecules are highly ordered with the presence of crystal. It is to be noted here that for 
LCPs in crystalline solid state, molecules are ordered in regular lattice and in the liquid state 
molecules are ordered in some direction but not rigidly bound. Due to crystallinity in the both 
phases, small energy is required to change phase. Because of the high order state of molecules in 
both phases, energy can be easily gained and released. It is sometimes difficult to get any clear 
nematic (N) and isotropic (I)   transition temperature   (TN-I) for these measurements. 
In this study DSC measurements were conducted for four LCPs (refer Figures 4-1 to 4-4). A 
sharp peak is observed for melting point for all four samples. But small and broader peaks are 
observed for nematic isotropic (TN-I) transition temperature. Further rheological measurements 
were also conducted to investigate the effect of phase transition for LCPs with applied shear and 
temperature.  At the transition point, the morphology of LCPs changed and the molecules of 
nematic phase transformed to the isotropic phase. The rheological properties like; storage 
moduli (G'), loss moduli (G'') and viscosity also change at this transition point. Table 4.1   
summaries   the values of melting temperature and nematic – isotropic transition temperature for 
all the four LCPs. 
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Table 4. 1:  Summary data of melting temperature and transition temperature of LCPs. 
Sample Melting Temperature (Tm) 
              oC 
Nematic and isotropic phase 
transition temperature    
C                      o)   I -N(T 
LCP-A Filled 350.3 371.9 
LCP-A Unfilled 349.2 371.5 
LCP-B Filled 330.8 341.7 
LCP-B Unfilled 330.5 342.2 
  
 
Figure 4 - 1: Thermograph of LCP-A Filled at heating rate  of 10 0C /min. 
 
 
Exothermic  Tm (350.3 
0C) 
TN-I (371.92 
0C) 
100 
 
 
 
Figure 4 - 2: Thermograph of LCP-A Unfilled at heating rate of 10 0C /min. 
 
 
Figure 4 - 3: Thermograph of LCP-B Filled at heating rate of 10 0C /min. 
Exothermic 
Exothermic  
TN-I (341.7 
0C) 
TN-I (371.5
0C) 
Tm (349.2 0C) 
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Figure 4 - 4: Thermograph of LCP-B Unfilled at heating rate of 10  0C /min. 
 
 
4.2. Fourier Transform Infra-Red (FTIR) Analysis 
 
Numerous studies have been reported for the synthesis and characterization of liquid crystal 
polymers but mostly FTIR analysis was employed to identify the functional groups. In this 
study, the major functional groups of LCP-A and LCP-B have been identified by FTIR analysis. 
Moreover, these complex materials follow the trend/orientation, established in the literature for 
side chain and main chain liquid crystal polymers. The side chain groups are covalently joined  
with the main chain and demonstrated a number of interesting properties  such as optical 
sensitivity and high orientation ability (Brehmer M and R., 1994, Meier and Finkelmann, 1990, 
Ballard and Zedalis, 1998). Side chain liquid crystal polymers are used in optically nonlinear 
devices including optical waveguides and electro-optic modulators in poled polymeric slab 
 
TN-I (342.2 
0C) 
Tm  (330.57 
0C) 
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waveguides. The main chain liquid crystal polymers generally cannot show mesogenic 
behaviour over a wide range of temperature. However, side chain LCPs, are able to expand this 
scale. In liquid crystal polymer, the  side chain functional groups are represented as soft 
segment, rather than the component in the hard segment of main chain (Sun et al., 1995). Nair 
et. al. (1994) and Zhao et. al. (1999)   studied the orientation of segment of side chain and main 
chain of LCPs extensively by FTIR analysis. Figure 4-5 represents the soft and hard segment of 
liquid crystal polymer. 
 
Figure 4 - 5: Molecular structure of side chain liquid crystal polymer (Nair et al., 2000). 
 
Figure 4-6 shows FTIR spectrum for LCP-A and LCP-B. The spectrum analysis with the key 
peaks identified, is tabulated in Table 4.2.  This table also lists the peaks that can be clearly 
assigned to the different parts (mesogen, soft segment and hard segment) of the liquid crystal 
polymer. The reference data were taken from the published scientific studies., which follow the 
trend of   liquid crystalline polymers(Nair et al., 2000, Li et al., 2005). The common peaks were 
identified in Figure 4-6 at 812.34, 934.21, 1056.45, and 1475.34   cm-1  corresponding to 
aromatic stretch vibration, -CH2-  group vibration,  –C-H aromatic bond deformation and –CH3 
group vibration respectively.  Different types of mesogen groups were observed in LCP-A and 
LCP-B.   For LCP-A, in the region of  1945 cm-1  a peak was observed which was assigned to  
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the cyno mesogen   (–CN) group, whereas for LCP-B,  the peak for   mesogen group  was  
observed  in the region  1234 cm-1 , which was assigned to   phenyl –O  group. The peaks for 
hard segment were observed at 1632 cm-1  and at 1776 cm-1  for both the LCPs, which were 
assigned to Amide I and non H-bond stretching respectively.   The other functional groups like; 
CH aromatic deformation (peak at 625 cm-1) and CH stretch vibration (peak at 825 cm-1) were 
observed for LCP-A. Peak at 625 cm-1, can be treated as soft segment, which designate the 
presence of side chain in LCP-A.   
 
 
Figure 4 - 6: FTIR spectrum of LCP-A and LCP-B Unfilled. 
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It can be elucidated from the above FTIR analysis, that most of the functional groups present in 
the LCP-A and LCP-B are common. Significant differences were observed in the mesogen 
groups (for LCP-A cyno group and for LCP-B phenyl- O group) and further differences were 
found regarding the existence of the side chain group in LCP-A.  
 
Table 4. 2: FTIR peak assignments of LCP-A and LCP-B 
Wave number (cm-1) Assignment  Note (Nair et al., 
2000) 
650 CH Aromatic deformation Soft segment 
725 CH Aromatic out of plane deformation  
812 CH  Aromatic stretch vibration  
934 CH2 Asymmetric vibration  
1056 CH aromatic in plane deformation  
1234 Phenyl –O stretching Mesogen 
1475 CH3 Asymetric deformation  
1600 C-C aromatic stretch vibration  
1732 Amide I Hard segment 
1876 Non H bond stretching Hard segment 
1945 CN stretch vibration Mesogen 
2760 CH2 Asymmetric stretching Alkyl 
chain 
 
2976 CH2 asymmetric stretch vibration  
3445 NH-stretching Hard segment 
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4.3 LCPs and fiber orientation in composites 
 
Incorporated fillers greatly influence the rheological properties of LCPs. Moreover, the fiber 
orientation is also influenced by the rod like molecules of LCPs (Ramazani et al., 2001). Fiber-
fiber collisions may also influence suspension viscosity by creating anisotropic structures in the 
fluid. It is also observed that this anomalous orientation is enhanced due to the presence of 
fillers. At low shear rates, the interaction between the fibers offsets the force attempting to align 
the fibers with flow. Consequently, substantial resistances to deformation were observed. With 
increasing shear rate, polymer matrix  overcomes the interactions, caused by the fiber disrupting 
the structure formed by orienting the fibers with the flow (Kamal and Mutel, 1985). In addition, 
with the increase of shear the aspect ratio of fiber-filled polymers decreases due to breakage of 
the fibers. Furthermore, the orientations of molecules also change. In contrast, the effect of 
fillers on rheology   is also varied with the shear rate. Various studies have reported regarding 
the effects of fillers on the viscosities and modulus of polymer composites (Ramazani et al., 
2001, Barnes, 2003). It is observed that at low shear rate the viscosity and moduli for composite 
are higher than those of unfilled polymers  (Barnes, 2003, Eberle et al., 2008).  
The rigid rod-like molecules of unfilled LCPs act like filler in polymers. These rod-like 
molecules easily tumble with shear. Hence, the viscosity reduces at low shear rate. In many 
commercial polymers, LCPs are being  used as filler  to reduce the initial viscosity (Hashimi  
and Takeshi 2007).  
Morphology of LCP molecules with their dimension of glass fibers and their orientation have 
been examined using an FEI Quanta 200 Environmental Scanning Electron Microscope 
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(ESEM). Figures 4-7 (a) and 4-7 (b) represent the ESEM images of molten unfilled LCPs. 
Above mentioned figures demonstrate the linear orientation of molecules of unfilled LCPs. The 
cross sectional view of filled LCP is shown in Figure 4-7 (c) and orientation of filler in surface 
is shown in Figure 4-7 (d).  LCP-A and LCP-B were filled with glass fiber of same dimension. 
It is observed from Figure 4-7 (e), the average diameter of glass fiber is 10  m and from Figure 
4-7 (f), the length of the glass fiber is 1mm. 
                   
 
                   
Figure 4 - 7: ESEM images of rod like orientation of Unfilled LCPs at magnification scale a) 
1mm, (b) 500   m, (c) cross sectional view of LCP pellets, (d) surface view of filler arrangement 
in pellet. 
a) b) 
c) d) 
1mm 
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le 
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Figure 4 - 7(b): ESEM images of rod like orientation of Unfilled LCPs at magnification scale (e) 
diameter of filler and (f) length of filler. 
 
 Comparative analysis shows that both the LCP-A and LCP-B have fillers of same aspect ratio 
of 100.  
Figure 4-8 represents the orientation of fibers in LCPs at different shear rates. The ESEM 
images were taken after freezing the sample at different shear rates. Figure 4-8 (a) represents the 
orientation of fiber in molten state (shear rate 0 s1) and the fibers are almost in nematic state. At 
the shear rate of 1 s-1, the fibers start to rotate from nematic state (Figure 4.8 (b)). Breakage 
occurred in fibers at the shear rate of 10 s-1 (4.8 (c)) and the fibers started to rotate randomly in 
different directions. Figure 4.8 (d) shows the isotropic phase of fiber at very high shear rate of 
100 s-1. 
e) f) 50  m scale 1mm 
sca
le 
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Figure 4 - 8: ESEM images of fiber orientation at different shear rates (a) 0 s-1 magnification 
scale 500   m (b) 1 s-1  scale 1mm (c) 10 s-1 scale 200  m (d) 100 s-1  scale 1mm. 
 
 
 
 
 
 
 
a) 0  s-1 b)1  s-1 
c) 10   s-1 d)100   s
-1 
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4.4 Molecular Weight Distribution (MWD) 
 
The dynamic rheological measurements, i.e. storage and loss moduli can be used to determine 
the MWD. Size exclusion chromatography (SEC) has been around for decades for determining 
MWD. It requires dissolution of the sample for SEC and some polymers are difficult to dissolve, 
like semi crystalline fluropolymers made from tetrafluroethylene and some liquid crystal 
polymers (Thomas et al., 1994, Tuminello, 1999).  Mead and Friedrich et al.  (Maier et al., 
1998a, Mead, 1994) developed the algorithm (modulus model) to determine the MWD using 
rheological data, which carry the same information like SEC. This model formed the basis of the 
molecular weight distribution module in Rheometric Scientific’s Orchestrator software 
(Costello, 2005).  In this study, MWD was determined from the experimental rheological data 
using Orchestrator software. The detail rheological analysis will be discussed in the next 
section.  The dynamic rheological data (storage and loss moduli) of LCP-A and B Unfilled (in 
Figure 4-9 and 4-10) were considered for determining MWD. 
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Figure 4 - 9: Dynamic moduli data of LCP-A Unfilled at 350 0C. 
 
 
Figure 4 - 10: Dynamic moduli data for LCP-B Unfilled at 330 0C. 
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To avoid the time dependency measurements were taken 0.1 to 100 rad/s (considering 10 points 
per decade). The combined dynamic moduli data are shown in Figures 4-9 and 4-10. The 
relaxation spectrum H ( ) (at 350 0C for LCP-A and 330 0C for LCP-B) is directly calculated 
from the dynamic modulus using the Orchestrator software   and the spectrum H ( ) is shown 
in Figures 4-11 and 4-12.  
 
Figure 4 - 11: Relaxation spectrum for LCP-A Unfilled. 
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Figure 4 - 12: Relaxation spectrum for LCP-B Unfilled. 
 
The existence of solid and liquid phases in melting process of LCPs, makes the relaxation 
behaviour of LCPs  extraordinary (Gao et al., 1996). In addition, the presence of branches and 
defects is also dominant in the relaxation process of LCPs. In general, there are three kinds of 
relaxation mechanisms for nematic LCP: the relaxation of chain orientation, the relaxation of 
deformed polydomains, and the coalescence of polydomains (or the relaxation of textures) (Yu 
et al., 2007). The relaxation of chain orientation without constraint is a much faster 
process(Wiberg et al., 1998).  Such process is not seen in Figures 4 - 11 and 4 - 12 because of a 
lack of dynamic data at high frequency. The relaxation of deformed polydomains takes 0.018 
second for LCP-A and 0.015 second for LCP-B, which is reflected as the first peak in the 
spectrum.  The relaxation of texture is a slow process, which requires hundreds of seconds. An 
approximation formula based on the double reptation rule is used to measure the transformation 
of )(H  into MWD in the rheometric software. The relaxation spectra, in the Figures 4.8 and 
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4.9 show good agreement with the published studies (Yu et al., 2007). The equation 4.1 was 
used for transforming spectrum data into MWD. 
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In equation 4.1, Gr is the reptation modulus GN is the plateau modulus, and 2/ce MM   is the 
entanglement molecular weight (Mc is the critical molecular weight). F(M, t) denotes the 
relaxation kernel function, which describes the relaxation behaviour of a molecular weight 
fraction with a molecular weight of M, and  is a parameter which characterizes the mixing 
behaviour. The required parameters were given to the  orchestrator software (ARES machine) 
from published research data for the transformation of )(H  into MWD i.e. critical molecular 
weight (Mc) , activation energy (Tanaka, 2007) and   parameter (Tuminello, 1999). Figures 4 - 
13 and 4 - 14 represent the MWD for LCP-A and LCP-B.  
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Figure 4 - 14: Molecular weight distribution for LCP-B Unfilled. 
 
Figure 4 - 13: Molecular weight distribution for LCP-A Unfilled. 
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From this MWD analysis, it has been observed that LCP-A has a higher molecular weight tail 
and molecular weight distribution (MWD) (Figure 4.13) in comparison to that of LCP-B (Figure 
4.14). The broad molecular weight distribution (MWD) in LCP-A and a second peak at high 
molecular weight is likely to indicate  the presence of branching with the main chain of LCP 
(Han and Kwack, 1983). From FTIR analysis, it was also observed the existence of branching 
(side chain) in LCP-A. For commercial grade LCPs , the effects of branching  and MWD are 
significant in melt rheology (Dealy and Wissburn, 1990). However, the effect of the molecular 
structure of the LCPs will be explained in the following sections. 
4.5 Rheological Properties 
 
Rheological studies on liquid crystal polymers have been divided mainly into two sections on 
the basis of two types of experiments performed. Dynamic shear (dynamic strain sweeps and 
dynamic frequency sweeps tests) and steady shear experiments were carried out to characterise 
the rheological behaviour of these LCPs. Steady shear rheology was carried out in ARES (for 
low shear rate region ) and CEAST capillary rheometer (for high shear rate region). 
 
4.5.1 Dynamic Shear Rheology 
4.5.1.1 Linear Viscoelastic Region (LVR) 
 
Dynamic rheological properties of the melt are very sensitive to the molecular structure of a 
polymer. It is essential to perform dynamic strain sweep test before performing dynamic 
frequency sweep test to confirm the linear viscoelastic region (LVR). In LVR, the rheological 
116 
 
experiments were performed under small deformation. In the LVR , the configuration of the 
macromolecules would remain unperturbed by the flow history (Carreau et al., 1997). The 
microstructure of the material would not be affected by shear alignment during experiment. 
Both the storage and loss moduli are independent of strain applied in the linear viscoelastic 
region. The molecules of LCPs are rigid rod like and it is very essential to identify the LVR 
limit of these materials at different temperatures.  The complete charaterisation of the linear 
viscoelastic behaviour of the LCP materials can be considered, when the two material functions, 
storage (G' ( )) and loss moduli (G'' (  )) are known with sufficient accuracy over the range 
of frequencies from very low to a frequency higher than the reciprocal of the shortest relaxation 
of time(Dealy and Larson, 2006).  
Dynamic strain sweep tests were conducted for LCP-A at 350 0C and at 360 0C and for LCP-B 
at 330 0C and at 340 0C respectively at a constant frequency of 10 rad/s. Figure  4-15  represents 
the linear viscoelastic region of various LCPs at 350 0C.   
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Figure 4 - 15:  Evaluation of the linear viscoleastic response of LCP-A Filled @ 350 0C and 
frequency at 10 rad/s. 
 
Similar test were conducted for other materials at temperatures between 330 oC to 360 oC. These 
data are presented in Appendix A. In this study, it is observed that the range of linear 
viscoelastic limit is smaller compared to convention polymer. Somma and Nobile (2004)  
extensively studied the LVR limits of LCPs with varying frequencies, molecular weight and 
temperatures (Somma and Nobile, 2004) and also reported   low strain limit for LCPs.  LCPs 
exhibit low strain limit of LVR due to the unique structure as well as presence of rigid rod like 
molecules. Table 4.3 summaries the limit of viscoelastic region of LCPs considering storage and 
loss moduli as the most sensitive to change in microstructure during the experiment at constant 
frequency 10 rad/s. 
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Table 4. 3: Summary of critical strain limit for LCPs. 
Sample Critical Strain limit (%) 
LCP-A Filled @ 350 0C 9 
LCP-A Filled @ 360 0C 6 
LCP-A Unfilled @ 350 0C 6 
LCP-A Unfilled @ 360 0C 2 
LCP-B Filled @ 330 0C 5 
LCP-B Filled @ 340 0C 3 
LCP-B Unfilled @ 330 0C 2 
LCP-B Unfilled @ 340 0C 0.3 
 
 
 
4.5.1.2 Dynamic time sweep in LVR limit 
 
The rheological properties of liquid crystalline polymers (LCPs) have been observed as a 
function of time at constant temperature and at constant frequency. The time dependent 
parameter is very important for polymer processing. In general the cycle time of injection 
moulding is low. However, the cooling process in a given cycle time, which is influenced by 
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time dependent property. Under constant shear rate, the molecules tend to align in the direction 
of the flow as well as tumble at their own axis. Viscosities, elastic and viscous moduli increased 
with time at constant frequency and at constant temperature. The abnormal orientation and 
architecture of LCP molecules lead to continually increasing crystalline phase of LCP molecules 
at constant shear rate under isothermal condition (Xie et al., 2011). The time dependent 
behaviour is pronounced at low shear rate. However, the recrystallization processes are opposed 
by high shear rate.   
In the low shear rate region the molecules of LCPs exhibit pronounced oscillations. The flow 
dynamics of the chain of LCP molecules and consequently the molecular parameters play a 
crucial role in the sensitivity of the polymer crystallization to the deformation. The molecular 
parameters like molecular weight distribution, branching of polymer chain and length of 
branching all influence the crystallization process (Hadinata et al., 2005). Moreover, for large or 
bimodal molecular weight distribution, a small fraction of long chains is enough to largely 
influence the flow-induced crystallization (FIC) kinetics and/or the crystalline orientation 
(Bustos et al., 2006). The constant oscillation in LCP molecules may lead to the formation of 
crystal structure over a period of time.  All the abnormal orientation of rigid rod like molecules 
ceases with increase of shear rate.  It is also observed that this anomalous orientation is 
enhanced due to the presence of side groups in LCPs.  The molecular architecture and flow 
properties of LCPs are mainly responsible for unusual time dependent behaviour. Figures 4.16 
and 4.17 represent the dynamic time sweep data for two unfilled liquid crystal polymers.  
The dynamic time sweep measurements have been conducted for 90 mins.  For LCP-A, both the 
storage and loss moduli increased significantly for 40 minutes. The rheological parameters, i.e. 
storage moduli, loss moduli and complex viscosity then increased slowly over time, and then 
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there was insignificant impact on the rheological parameters. However, for LCP-B, the 
rheological properties decreased for first five minutes as some molecular rearrangement were 
taking place during this period. After that, the rheological properties (G', G'' and complex 
viscosity) start to increase at slow rate until 60 minutes and then the parameters reached plateau. 
Significant time dependent rheological behaviour is observed for LCPs because more 
crystallization occurs in LCPs over the course of time.  
 
Figure 4 - 16: Time dependent rheology of LCP-A Unfilled at temperature 350 0C and 
frequency at 1 rad/s. 
Nematic Smectic 
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Figure 4 - 17: Time dependent rheology of LCP-B Unfilled at temperature 330 0C and frequency 
at 1 rad/s. 
 
4.5.2 Complex viscosity and phase transition 
 
The complex viscosity as a function of temperature and frequency was conducted for four LCPs 
before thermal degradation. The purpose of this study is to identify the nematic – isotropic phase 
transition temperature as well as the influence of dynamic shear on the phase transition. In LCPs 
there is a characteristic increase in viscosity with temperature (Wissbrun, 1981, Kim and Han, 
1994a, Fan et al., 2003) and in literature the onset of temperature known as phase transition or 
nematic-isotropic (TN-I) transition temperature. This anomaly of increasing viscosity with 
temperature is attributed to changes in the morphological state with the length of the biphasic 
window increasing with impurities (mixing of nematic and isotropic phase) and molecular 
weight distribution (Scribben, 2004). The poly-disperse nature of rigid rod like molecules, the 
low molecular weight portion of the polymer begins to transform into an isotropic region at 
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temperatures below the nematic-isotropic transition. On the other hand, in monodisperse system, 
a discontinuous increase between the liquid crystalline and isotropic state would be expected. 
Since the viscosities of both the isotropic and nematic phases decrease with temperature, this 
anomaly  is possible for  the increase of impurity (i.e. mixing of nematic and isotropic) (Kiss, 
1986). The gradual increase of viscosities at higher temperatures can be described by the 
biphasic nature of these LCPs, that is, due to thermal activation, part of the rod-like molecules 
of nematic phase are transformed to the isotropic phase. The existence of biphasic nature 
increases more repulsion to flow and thus viscosities increase in this region (Gao et al., 1996, 
Hsies et al., 1999).    
 
Different values of rheological properties i.e. storage moduli (G'), loss moduli (G'') and viscosity  
are also observed after this transition point. Figures 4-18 to 4-21 represent complex viscosity as 
a function of temperature at various frequencies.  In Figure 4-18, the complex viscosity at 
different frequencies, start to increase from temperature 370 oC. The different transition 
temperatures of other LCPs are summarised in Table 4.4. In Figures 4-18 and 4-19, unusual 
dependency of viscosity is observed with temperature except that in 4-20 and 4-21. For LCP-B 
(Figure 4-20 and 4-21), viscosities did not increase after the transition temperature but 
decreased. Some researchers have reported the anomalous temperature dependency of 
viscosities for LCPs (Sgalari et al., 2002, de Gennes and Prost, 1993, Ghosh, 1984, Fan et al., 
2003). But in their study the shear rate range and the nature of abnormal behaviour was not 
reported. In the present study, anomalous viscosity behaviour with temperature was observed 
i.e. in the low shear rate region, viscosity increased with increasing temperature. As already 
mentioned this anomalous behaviour can be explained in terms of phase transition from nematic 
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to isotropic state and also shows good agreement with DSC thermographs. The comparison of 
phase transition temperatures as evident from DSC thermographs    and complex viscosity 
measurements are given in Table 4.4.  It therefore appears that for LCP-A materials the phase 
transition occurs at around 370 0C while that for LCP-B materials it occurs at around 340 0C.  
 
 
 
 
 
 
 
 
Figure 4 - 18: Viscosity as function of temperature for LCP-A Filled. 
 
Frequency (rad/s) 
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Figure 4 - 19: Viscosity as function of temperature for LCP-A Unfilled. 
 
 
 
Figure 4 - 20: Viscosity as function of temperature for LCP-B Filled. 
 
 
 
 
Frequency (rad/s) 
Frequency (rad/s) 
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Figure 4 - 21: Viscosity as function of temperature for LCP-B Unfilled. 
 
 
Table 4. 4: Comparison of transition temperature of LCPs for thermal and rheological analysis. 
Sample Melting temperature 
(Tm) 
oC 
Transition 
temperature from 
thermograph (TN-I) 
       oC 
Transition 
temperature from 
viscosities (TN-I) 
      oC 
LCP-A Filled 350.3 371.9 370 
LCP-A Unfilled 349.2 371.5 370 
LCP-B Filled 330.8 341.7 340 
LCP-B Unfilled 330.5 342.2 340 
 
 
The complex viscosity was also measured as a function of frequency in isothermal condition for 
all the four LCPs.  These viscosities were measured at descending frequency sweep (decreasing 
Frequency (rad/s) 
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frequency) and ascending frequency (increasing frequency) sweep in the linear viscoelastic 
region.  In this section, only descending frequency sweep will be analysed to investigate the 
thermal dependency of complex viscosities. There is hysteresis formed in the low shear rate 
region and the descending frequency sweep showed less anomaly behaviour compared to the 
ascending sweep.   From Figures 4-22 to 4-25, it is observed that all the four LCPs showed 
shear thinning behaviour throughout the frequency range (from 100 rad/s to 0.1 rad/s) and there 
is no abnormal trend of viscosities  observed at constant temperature i.e. viscosities decreased 
with temperature. Numerous studies also reported that the LCPs show normal thermal 
dependency of viscosity in nematic and isotropic phase individually (Kim and Han, 1994b, Kim, 
1994, Zhou et al., 1999).  
 
The rheological behaviour in the mixing zone is still not clearly understood and materials show 
extraordinary reheological behaviour in this region (Gray, 1998) . The molecules of LCPs start 
to tumble at a very low shear rate.  In particular, tumbling seems to reveal itself through 
repeated oscillations when under shear rate.  The tumbling nature of LCP molecules however is 
limited to low shear rate.  The pronounced oscillations correspond to the fact that, because of the 
tumbling nature of the nematic, the director field “winds up” in space (in the direction of the 
velocity gradient) (Marrucci and Guido, 1995). Winding up generates an elastic torque on the 
director, which opposes tumbling so that, eventually, tumbling is arrested and the system 
reaches a steady state. All the abnormal orientation of rigid rod like molecules ceases with 
increase of shear rate. 
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From the graphs (Figures 4-22 to 4-25), the overlapping of viscosity is observed at the transition 
temperature and dominant in the low frequency region (< 1 rad/s). Fan et al. (2003) also 
observed similar types of anomalous thermal dependency for LCPs (Fan et al., 2003). Many 
researches have reported nematic to isotropic phase transition with temperature only. However, 
no clear evidence was found about the shear or frequency range where the viscosity increases 
with temperature. From this study, it can be concluded that the nematic-isotropic phase 
transition occurred only at low shear rate region with the increase of temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 - 22: Viscosity as a function of frequency for LCP-A Filled. 
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Figure 4 - 23: Viscosity as a function of frequency for LCP-A Unfilled. 
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Figure 4 - 24: Viscosity as a function of frequency for LCP-B Filled. 
129 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
4.5.3 Moduli data 
 
The dynamic storage moduli (G') and the dynamic loss moduli (G''), as a function of angular 
frequency ( ) have been measured, under isothermal condition in the linear viscoelastic region 
for four LCPs.  Limited  research data have been  reported in the literature and moduli data do 
not show any terminal behavior (Zhou et al., 1999, Lenz, 1985). To investigate the terminal 
behaviour of the material, the dynamic shear rheological data have been obtained in both 
directions, i.e. increasing the frequency from 0.1 rad/ s to 100 rad/s (ascending frequency) and 
decreasing it from 100 rad/s to 0.1 rad/s. It is observed that the data obtained from both the 
directions matched in the high frequency range. However, there is a significant difference 
observed in the low frequency region (< 1 rad/s) for moduli as well as viscosity data and 
hysteresis formed in the low shear rate region, 
o
C 
o
C 
o
C 
o
C 
Figure 4 - 25: Viscosity as a function of frequency for LCP-B Unfilled. 
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The liquid crystal polymers strongly depend on prior thermal history and shear (Berghausen et 
al., 1997, Chandrasekhar, 1994, Guskey and Winter, 1991). Rienacker and  Hess (1999) studied 
theoretically shear induced orientational dynamics of nematic liquid crystals (Rienacker and 
Hess, 1999) and existence of different types of orientation in different shear rate region was 
reported. Numerous studies also reported about the orientation of rigid rod like molecules and 
that the transformation of phases from nematic to isotropic are depended on shear. In 1993, Kim 
and Han studied the oscillatory shear flow behaviour of thermotropic liquid crystal polymer and 
reported anomalous rheological behaviour in the nematic state. In that study, it was reported that 
in the nematic phase the rheological properties varied continuously and it was not possible to get 
meaningful rheological measurements. They also reported about the hysteresis in the dynamic 
measurement and pronounced effect of annealing on shear rheological properties. Zhou et al 
(1999) studied dynamic and shear orientation behaviour of thermotropic LCPs and in their study 
no terminal behaviour of moduli was observed (Zhou et al., 1999). It was considered that in 
descending frequency sweep and at the low shear rate region moduli reached plateau. Roubying 
Yu et al  (2007)  studied dynamic rheology of thermotropic liquid crystal polymers and  also 
obtained plateau values for the moduli in the low shear rate region ( test conducted in 
descending order) (Yu et al., 2007). Details were not mentioned regarding the reason of 
reaching plateau values.  
In this study, investigation has been conducted to identify the reason of anomalous behaviour in 
the low shear rate region. In Figure 4-26, during ascending frequency (0.1 rad/s to 100 rad/s) it 
is observed that storage and loss moduli as well as complex viscosities increased sharply with 
frequency till 0.2 rad/s. After that, both storage and loss moduli increased with frequency but at 
very slow rate. On the other hand, during the descending order, it is observed that the moduli 
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decreased with decreasing frequency till 0.35 rad/s and after that the moduli data start to 
increase surprisingly. The complex viscosity (during reverse direction) increased with frequency 
till 0.35 rad/s but after that it increased dramatically.  Almost similar trend of moduli was 
observed for other LCPs (Figure 4-26 to 4-29). In the forward direction initially sharp increase 
occurred in moduli followed by slow increase. Similarly for complex viscosities the identical 
trends were observed for rest of the LCPs. 
All the tests were conducted in the nitrogen environment and the samples (conducted in reverse 
direction) were directly quenched in liquid nitrogen for further in situ investigation in (wide 
angle X-ray diffraction) WAXD analysis. WAXD data will be analysed in the next section. 
 
 
Figure 4 - 26: Hysteresis of dynamic rheological data for   LCP-A Filled at 350 0C. 
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Figure 4 - 27: Hysteresis of dynamic rheological data for   LCP-A Unfilled at 350 0C. 
 
 
Figure 4 - 28: Hysteresis of dynamic rheological data for LCP-B Filled at 330 0C. 
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Figure 4 - 29: Hysteresis of dynamic rheological data for LCP-B Unfilled at 330 0C. 
 
4.5.4 Wide angle X-ray Diffraction (WAXD) analysis 
 
In this study, from the WAXD analysis it is observed that the percentage of crystallininty 
increased after shearing of all four LCPs.  Figures 4-30 to 4-33 represent the WAXD analysis 
for four LCPs.  WAXD diffraction is used to measure the nature of polymers and the extent of 
crystallinity present in the polymer sample. In the WAXD experiment, an X-Ray of a given 
wavelength impinges on the crystal structure and diffracted into a large number of narrow 
beams imperceptible by the photographic film or by Geiger counter. The angle of scattering 
depends on the order of the chains within the polymer. WAXD study of the semicrystalline 
polymers shows wider peaks on a raised background that indicates the inter atomic distance of 
the less ordered crystalline planes and sharp peaks in the WAXD graph indicate the presence of 
crystalline structure (Halasa et al., 1991). 
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The TOPAS software of BRUKER machine (WAXD analyzer) is able to calculate the 
crystalline and amorphous area. First the percentage of crystallinity for plaque sample was 
measured and then the shear rheology measurement was conducted. Further WAXD 
measurements were taken for the sheared sample and percentage of crystallinity were 
calculated.  For all the four samples, it was observed that the percentage of crystallinity 
increased after shearing the samples.  In molten state, the rigid rod like molecule of LCPs 
remain in some crystalline phase and the molecules are flowing in an ordered way. After 
applying shear (in the low shear rate region) the rod like molecules starts to form more order. In 
this region, the nematic phase of LCP molecules are transferred to smectic phase (more ordered) 
and thus crystallinity increased. From FTIR analysis and MWD, it is observed that LCP-A got 
more branch or side chain compared to LCP-B. The polymer molecules with side chain are 
mostly disorganized in the polymer matrix. In LCP-A (Figures 4-30and 4-31) more 
transformation from nematic to smectic occurred compared to LCP-B (Figures 4-32 and 4-33).  
The molecular reorientation is easier in case of LCP-B compared to that of LCP-A, because the 
mobility of the later is restricted due to higher molecular weight and degree of branching.  Table 
4.5 summaries the values of crystallinity before and after shearing for various LCPs. 
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Figure 4 - 30: WAXD analysis for LCP-A Filled. 
 
 
 
Before shearing 
After shearing 
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Figure 4 - 31: WAXD analysis for LCP-A Unfilled. 
 
 
Before shearing 
After shearing 
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Figure 4 - 32: WAXD analysis for LCP-B Filled. 
 
 
 
 
Before shearing 
After shearing 
138 
 
 
Figure 4 - 33:  WAXD analysis for LCP-B Unfilled. 
 
Table 4. 5: Summaries crystalline data for LCPs 
Material Percent of Crystallinity 
LCP-A Filled (Before shearing) 35.7 
LCP-A Filled (After shearing) 40.2 
LCP-A Unfilled (Before shearing) 55.3 
LCP-A Unfilled (After shearing) 60.0 
LCP-B Filled (Before shearing) 34.3 
LCP-B Filled (After shearing) 49.9 
LCP-B Unfilled (Before shearing) 42.2 
LCP-B Unfilled (After shearing) 53.8 
Before shearing 
After Shearing 
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4.6 Thermal Stability 
 
Thermal stability of the liquid crystal polymer was performed by thermo gravimetric analyser, 
where the weight loss due to the volatilization of degradation by-products was monitored as a 
function of temperature increase with constant heating rate. Figure 4-34 and 4-35 show 
thermograms of thermal stability of polymer LCP-A Unfilled and LCP-B unfilled respectively. 
The onset initial degradation temperature (TiD) (at 2% weight loss) was measured from the 
intersection of the tangent of the initial point and the inflection point. The onset initial 
degradation temperatures (TiD) of LCP-A and LCP-B are measured as 505 
0C and 485 0C 
respectively. For both the LCPs, no thermal degradation vaporization, sublimation, absorption 
and, and desorption were observed during the course of experiment.   
 
Figure 4 - 34: Thermogravemitric Analysis for LCP-A Unfilled. 
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Figure 4 - 35: Thermogravemitric Analysis for LCP-B Unfilled. 
 
4.7 Steady Shear Rheology 
 
This structural orientation makes the rheological properties of LCPs often extraordinary and 
partially understood.  It was reported that only complex viscosities increased with temperature at 
the low shear rate region while no abnormal thermal dependency of shear viscosities was 
observed at the same condition. In addition very limited rheological data was available   for the 
high shear rate region.  In this study the rheological properties (steady shear viscosity and first 
normal stress difference) of two filled and unfilled thermotropic LCPs were investigated from 
low (0.01 s-1 to 10 s-1) to high shear rate (10 s-1 to 4000 s-1) region at different temperatures. The 
contributions of fillers in LCP matrix were also investigated.  
The flow mechanism of liquid crystalline systems is more complicated than that of isotropic 
fluids due to the coupling of molecular orientation and polydomain structure. LCPs exhibit 
abnormal shear dependency of viscosity in the low shear rate region compared to conventional 
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polymer. LCPs exhibit shear thinning behaviour, while the conventional polymers display zero 
shear viscosity (viscosity approaches a constant value as the shear rate tends to zero) at low 
shear rate region (Marrucci and Guido, 1995). In addition, in the high shear rate region, the 
filled LCPs also exhibit unusual behaviour. Figures 4-36 to 4-39  represent the shear  viscosities 
as a function of shear rate and temperature at low as well as high shear rates. The low shear rate 
data were measured by the ARES rheometer, whereas the high shear rate data were measured by 
the capillary rheometer.  In the steady shear state, there was no abnormal temperature 
dependency of viscosity observed through out the entire region of shear rate, which (viscosity 
increase with temperature) was observed for complex viscosity.   
 
Figure 4 - 36:  Shear viscosity data at different temperatures for LCP-A Filled. (♦ 350 0C, ■ 360 
0C, --- trend). 
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Figure 4 - 37 :  Shear viscosity data at different temperatures for LCP-A Filled. (♦ 350 0C, ■ 360 
0C, --- trend). 
 
 
Figure 4 - 38:  Shear viscosity data at different temperatures for LCP-B Filled. (♦ 330 0C, ■ 340 
0C, --- trend). 
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Figure 4 - 39:  Shear viscosity data at different temperatures for LCP-B Unfilled. (♦ 330 0C, ■ 
340 0C, --- trend). 
 
In this study, the LCPs did not exhibit the three zone shear dependency of viscosity (Onogi and 
Asada, 1980). In the low shear rate region of Figures 4-36 to 4-39, the trend of LCP flow curves 
differ from those of conventional polymers melts.   LCPs exhibit shear thinning behaviour at 
low shear rate, i.e., the viscosity decreases with increasing shear rate.  Power-law dependence of 
viscosity was observed throughout the wide range of shear rate. These showed good agreement 
with the numerous published studies (Walker and Wagner, 1994, Wagner, 1977, Baek et al., 
1993, Kalika et al., 1989, Wissbrun, 1981).  In the low shear rate region, the rod like molecules 
of LCPs tumble with shear. The texture of the nematic phase of LCPs consists of many small 
domains, in which the local orientations of the director vary from one domain to another. Under 
this circumstance, each small domain may act as if it is a discrete particle suspended in a very 
low viscosity fluid (nematic solvent) (Chen, 2008). Thus, at extremely low shear rate, the 
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polydomain hardly deforms. The structural evolution of such a defect ‘suspension’ would 
generate the shear thinning behaviour at low shear rates (Marrucci and Maffettone, 1993).  
Rienacker and  Hess (1999) studied theoretically shear induced orientational dynamics of 
nematic liquid crystals (Rienacker and Hess, 1999). LCPs exhibit different types of orientation 
at different shear rate. The rod like molecules start to tumble with shear and they rotate from 
tumble to wagging after certain critical shear rate. With the increase of shear the wagging region 
transforms to flow aligning region. At the  high shear rate region, the molecules of LCPs start to 
move with flow aligning direction, which leads to strong shear thinning behaviour (Muir  and 
Porter 1989). Moreover, with the increase of shear, the effect of coalescence also increases and 
the number of small domains also reduced. Hence, in the  high shear rate region, all the domains 
of LCPs act as a monodomain and orient as  isotropic flow (Tao et al., 2006).  
 Figures 4-40 and 4-41 represent the shear viscosity of filled and unfilled LCPs at the low shear 
rate region. It is observed that at the low shear rate region, the composite LCPs exhibit higher 
viscosity compared to the unfilled polymer. At low shear rates, the incorporated fibers with 
polymer matrix exhibit more resistance to flow as well as more resistances to deformation. 
Hence, high viscosity was observed for filled LCPs compared to unfilled LCPs at low shear rate 
regions. 
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Figure 4 - 40:  Shear viscosity of Filled (♦) and Unfilled (■) LCP-A at 350 0C in the low shear 
rate region. 
 
 
Figure 4 - 41:  Shear viscosity of Filled (♦) and Unfilled (■) LCP-B at 330 0C in the low shear 
rate region. 
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Again, anomalous behaviours were observed for filled LCPs in high shear rate regions. Figures 
 4 - 42 and 4 - 43 represent the shear viscosity of filled and unfilled LCPs at high shear rates. 
 
Figure 4 - 42:  Shear viscosity of Filled (♦) and Unfilled (▲) LCP-A at 350 0C in the high shear 
rate region. 
 
 
Figure 4 - 43:  Shear viscosity of Filled (♦) and Unfilled (▲) LCP-B at 330 0C in the high shear 
rate region. 
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The viscosity of filled LCPs (Figure 4-42 and Figure 4-43) exhibited more shear thinning 
behaviour compared to unfilled LCPs and the viscosity of the filled LCP polymer decreased 
with increasing filler loading. In this study, this anomalous behaviour was observed after the 
shear rate of 2000 s-1. In general, loading fillers into polymer melts increases the viscosity of the 
whole melt system, irrespective of spheres and fibers of different aspect ratios (Kitano et al., 
1981).  Qinyong et al. (2012) conducted a study on the rheology (shear viscosity) of hybrid 
liquid crystal polymers and reported that viscosity reduced with the increasing of filler as well 
as  shear rate (Mi et al., 2012).  About three decades ago, de Gennes concluded that a liquid 
crystalline polymer supports fiber orientation in shear flow (de Gennes and Prost, 1993), so that 
these fillers could be lubricated by the nematic liquid crystalline film on their surface. However, 
Qinyong et.al termed this phenomenon of rheological hybrid effects “a phenomenon in which 
the melt viscosity of a ternary polymer blend decreases with increasing filler loading, influenced 
by the minor polymer phase in the blend”(Ding et al., 2006). The data obtained for filled LCPs 
in this study showed shear thinning behaviour at a higher shear rates similar to the published 
study of Qinyong et al. 
4.7.1 Zero Shear Viscosity (ZSV) 
 
Zero Shear Viscosity (ZSV) is the viscosity measured in shear deformation at a shear rate 
approaching zero. This parameter is an indicator of two polymer characteristics(Phillips and 
Robertus, 1996):  
- The stiffness of the polymer material;  
- The material resistance to permanent deformation under long term loading. 
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In the melt flow curve (viscosity versus shear rate), a Newtonian plateau at very low shear rate 
is usually considered as the ZSV. For polymers of very low molecular weight, this ZSV can be 
obtained directly from the shearing experiment(Dealy and Wissburn, 1990). However, this is 
really difficult to obtain for high Mw polymers as well for LCPs. From the experimental data 
presented in Figure 4-44, it was impossible to determine the ZSV, since there was no distinct 
plateau detected at a lower shear rate up to 0.01s-1. Therefore, a modified Cross model (Equation 
4.2) was used to determine the zero shear viscosity (Table 4.6) of the LCPs. Data from ARES 
and Capillary rheometer were combined to fit into the Cross model predictions (Figure 4-44).  
The model prediction showed good agreement with experimental data. The precision of fitting 
between model predictions and experimental data is also presented in Table 4.6 
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Figure 4 - 44: Steady shear viscosity of LCP-A at (♦) 350 0C and (▲)360 0C using modified 
Cross model (        ,        ) and steady shear experiment. 
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Table 4. 6: Zero Shear Viscosity (ZSV) for LCPs 
Materials ZSV (Pa.s)* K2 m R2  ** 
LCP-A Filled @ 350 0C 366210 118.66 0.21 98.89 
LCP-A Filled @ 360 0C 156805 102.33 0.173 97.82 
LCP-A Unfilled @ 350 0C 68725 261.90 0.37 96.12 
LCP-A Unfilled @ 360 0C 25629 352.78 0.33 96.45 
LCP-B Filled @ 330 0C 164321 340.53 0.33 96.45 
LCP-B Filled @ 340 0C 55843 348.10 0.32 98.13 
LCP-B Unfilled @ 330 0C 20412 500.42 0.43 99.12 
LCP-B Unfilled @ 340 0C 10804 488.24 0.43 99.30 
*Using modified Cross model 
** Precision of fitting data between Cross model and experimental viscosity data. 
4.7.2 First Normal Stress Difference (N1) 
 
Figures 4.45 and 4.47 represent the experimental first normal stress difference values for both 
the filled LCPs versus shear rate. The filled LCPs exhibited negative normal stress difference in 
the low shear rate region (< 10 s-1). High shear rate results could not be obtained due to the 
slippage effect. It was observed that the first normal stress difference for filled LCP-A decreased 
up to the shear rate of 0.09 s-1. After this critical shear rate, although still negative, N1 started to 
increase. In the case of LCP-B filled, N1 initially decreased up to 0.12 s
-1 and then started to 
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increase. Filled LCP-A showed a significant decrease in comparison to the filled LCP-B sample. 
Both the filled LCPs showed anomalous negative first normal stress differences at low shear 
rate, which is in accordance with previous theoretical studies (Marrucci and Guido, 1995).   
Whereas, in the case of unfilled LCPs the value of N1 remains positive (Figure 4-46 and 4-48) 
(Rahman et al., 2013) .   
 
 
Figure 4 - 45: First Normal Stress difference for LCP-A Filled at 350 0C. 
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Figure 4 - 46: Normal Stress difference for LCP-A Unfilled at 350 0C. 
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Figure 4 - 47: Normal Stress difference for LCP-B Filled at 330 0C. 
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Figure 4 - 48: Normal Stress difference for LCP-B Unfilled at  330 0C. 
 
The negative normal stress difference is one of the most important rheological characteristics of 
LCPs.  For rod-like molecules of LCPs (Doi, 1981) shear induced transitions between tumbling, 
i.e. rotation of molecules at their own axis, wagging and flow aligned regimes are responsible 
for the unusual behaviour of the first normal stress differences (Baek et al., 1993, Beak and 
Magdaa, 1993).   LCPs exhibit  different types of orientation at different shear rate regions 
(Rienacker and Hess, 1999). The rod-like molecules start to tumble with shear rate and rotate 
from tumble to wagging beyond certain critical shear rate. The wagging region transforms to 
flow aligning region with the increase of shear rate.  
At a reasonably large shear rate, the ellipsoid shape of domain of LCPs gets deformed and the 
rotation of molecule tends to become perpendicular to the flow axis. Additionally, considering 
155 
 
the rotation of molecules at their own axis, molecules rotate from tumbling to wagging state 
(Beak and Magdaa, 1993). Hence, the value of N1 becomes negative at low shear rates.  
However, when the shear rate is high, the value of N1 becomes positive again.  This will occur 
when the strength of the flow  becomes so large that tumbling is suppressed altogether, and the 
molecules increasingly align in the shear direction (Marrucci and Guido, 1995). Besides, the 
value of N1 also depends on the concentration of fillers within LCP matrix.  Beak and Magdaa 
(1993) reported the change of  N1 behaviour of lyotropic LCPs from negative to positive as a 
function of shear rate as well as filler concentration(Baek et al., 1993). It has been observed that 
this anomalous N1 behaviour was enhanced due to the presence of the filler. The interaction 
between the fiber-like fillers offsets the force attempting to align the fibers with the direction of 
the flow where substantial resistances to deformation were observed at low shear rates 
(Litchfield and Baird, 2006). The above interactions are overcome due to the orientation of 
fibers in the direction of flow at higher shear rates; hence, the arrangement of LCPs matrix and 
fibers is disrupted (Kamal and Mutel, 1985).  
It can be seen that both filled LCPs have glass fibers as the reinforcing material and the aspect 
ratio of their glass fibers is approximately 100 (Rahman et al., 2013) . At low shear rates, the 
interaction between the fibers compensates the force attempting to align the fibers with flow. 
Consequently, substantial resistance to deformation occurs at low shear rates.  Moreover, fiber- 
fiber interactions compete with the elasticity of rigid rod-like molecules of LCPs at low shear 
rate region. Hence, this interaction could suppress the first normal stress difference and leads to 
negative values. Likewise, such anomalous behaviour of first normal stress difference has also 
been observed in concentrated suspensions where filler elements with high aspect ratio 
demonstrated competitiveness with elasticity at the low shear rate region and resulted in  the 
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occurrence of negative values of first normal stress difference (Susanne et al., 2002). Litchfield 
and Baird (2006) demonstrated that the suspension filled with long fiber (aspect ratio > 100) 
showed unusual rheological behaviour and the value of first normal stress difference became 
negative at low shear rates  (Litchfield and Baird, 2006).  
Figures 4 - 46 and 4 - 48 show the first normal stress difference results of unfilled LCP-A and B 
samples as a function of shear rate. It is clear from this figure that N1 increases as a function of 
shear rate in a positive mode. According to several studies, the magnitude of first normal stress 
difference may increase as a result of the incorporation of short fibers (Ramazani et al., 2001, 
Litchfield and Baird, 2006, Eberle et al., 2008).  However, the abnormal orientation of the 
existing rigid rod-like molecules in unfilled LCPs are responsible for the increase of the first 
normal stress differences. During the shear deformation, the rigid rod-like molecules of unfilled 
LCPs start to tumble (Marrucci, 1991) which could enhance the elasticity and, consequently, 
this could lead to the observed rise in the magnitude of the first normal stress difference samples 
as depicted for unfilled LCPs (Figure 4 - 46 and 4 - 48).  
4.8 Relaxation time 
 
The relaxation spectrum of the polymeric materials depends on the molecular properties of the 
materials as well as the architecture of the molecules. Linear viscoelasticity provides the broad 
distribution of relaxation modes with which polymeric materials relax. The longer modes 
originate from the motion of large molecular chain segments. The distribution of relaxation 
modes represents the material structure. Small changes in the structure can result in large 
changes in processability and mechanical properties.  The relaxation times are sensitive to 
temperatures since molecular chains relax faster at higher temperatures. Relaxation modulus is 
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generally used for characterising material properties with relaxation behaviour. The existence of 
solid and liquid phases in the melting process of LCPs, makes the relaxation behaviour of LCPs  
extraordinary (Gao et al., 1996). Three kinds of relaxation mechanisms are available for  LCPs: 
the relaxation of chain orientation, the relaxation of deformed polydomains, and the coalescence 
of polydomains (or the relaxation of textures) (Yu et al., 2007).  
A small shear strain i.e.  1 %was used for relaxation experiment of the LCPs.  In all relaxation 
tests, two distinct steps were observed for all LCPs, initial sharp decay followed by plateau 
values for long time. The Generalized Maxwell model (Equation 4-3) has been used to fit the 
experimental data to obtain the relaxation spectrum of the LCPs (Majumder et al., 2007)   
(Figures 4.49 and 4.50).  
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Figure 4 - 49: Relaxation modulus of LCP-A Filled (a) and LCP-A Unfilled (b) at 350 0C 
according to Maxwell model and shear relaxation experiment. 
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Figure 4 - 50: Relaxation modulus of LCP-B Filled (a) and LCP-B Unfilled (b) 330 0C. 
(a) 
(b) 
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The discrete relaxation times obtained from the relaxation spectrum (Figure 4-49 and Figure 4-
50) were used to determine storage and loss modulus of both resins using Equations 4.4 and 4.5, 
respectively. These calculated moduli data have been verified with the experimental data  
  
Figure 4 - 51(a): Storage modulus of LCP-A Filled and LCP-A Unfilled at 350 0C and model 
prediction using Maxwell model. 
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Figure 4 - 51(b): Loss modulus of LCP-A Filled and LCP-A Unfilled at 350 0C and model 
prediction using Maxwell model. 
 
Figure 4 - 52(a): Storage modulus of LCP-B Filled and Unfilled at 330 0C and model prediction 
using Maxwell model. 
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Figure 4 - 52(b): Loss modulus of LCP-B Filled and Unfilled at 330 0C and model prediction 
using Maxwell model. 
 
(dynamic frequency sweep of ARES rheometer) which are presented in Figures 4-51 and 4-52. 
A good agreement between model predictions and experimental data has been observed except 
for the low frequency region (Figure 4-51 and 4-52). These discrete relaxation times were then 
used to determine the average and longest relaxation time (constant relaxation time) 4.6 and 4.7 
respectively.  These relaxation times (longest) were used for the simulation study of LCPs in 
Chapter 5.  In published studies, it has been observed that the average relaxation time was 
mostly similar with the longest relaxation time. In this study, remarkable differences were 
observed between the average and longest relaxation times due to the anomalous relaxation 
process in LCPs. Table 4-7 represents the relaxation time for LCPs at different temperatures. 
 
 
 
163 
 
Table 4. 7: Relaxation time of LCPs at different temperature 
 
Materials Longest Relaxation time 
using equation 4-6 (s) 
Longest Relaxation time 
using equation 4-7 (s) 
LCP-A Filled @ 350 0C 103.10 233.90 
LCP-A Filled @ 360 0C 78.65 198.35 
LCP-A Unfilled @ 350 0C 86.45 156.23 
LCP-A Unfilled @ 360 0C 56.19 116.28 
LCP-B Filled @ 330 0C 92.56 202.36 
LCP-B Filled @ 340 0C 54.32 178.57 
LCP-B Unfilled @ 330 0C 47.20 137.45 
LCP-B Unfilled @ 340 0C 39.58 109.23 
 
4.9 Pressure-Volume-Temperature (P VT) analysis 
 
In general, PVT analyses investigate the nature of phase transition, shrinkage and thermally 
induced stress, nature of phase below glass transition temperature and material behaviours in 
equilibrium state (Wang et al., 2010) . Moreover, PVT analysis is often used in injection 
moulding simulation software for mould fill prediction(Leonov, 1990) .   The measurements 
obtained from PVT analysis were used to optimize the process parameters.  In this study, PVT 
analysis conducted for four LCPs at three different pressures i.e. 0.1 MPa, 50 MPa and 100 MPa 
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(Figures 4-53 to 4-56) and the graphs also represented anomalous behaviour compared to 
conventional polymers.   For the amorphous polymer, the glass transition temperature (Tg) is 
clearly seen as the temperature where the polymer goes from a solid to a melt. The rate of 
expansion per temperature increment is much smaller in the solid state than in the melt state. 
Whereas, the LCPs contain sufficient crystallinity to maintain structural continuity above the 
glass transition temperature. Hence, no significant increases of volume was observed in LCPs. 
The specific volume of LCPs gradually increased with temperature at constant pressure.   
 
 
 
Figure 4 - 53: PVT analysis of LCP-A Filled. 
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Figure 4 - 54: PVT analysis of LCP-A Unfilled. 
 
Figure 4 - 55: PVT analysis of LCP-B Filled. 
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Figure 4 - 56: PVT analysis of LCP-B Unfilled. 
 
4.10 Summary 
 
All the four LCPs exhibited sharp peaks for melting points and showed evidence of small wider 
peaks for nematic isotropic phase transition. The filled LCPs were filled with long fibers having 
average aspect ratio of 100. LCP-A possessed broader molecular weight distribution (MWD) 
compared to LCP-B and existence of side chain in LCP-A was also identified. LCPs exhibited 
small strain percentage for linear viscoelastic region.  Due to the tumbling nature of rod like 
molecules and formation of polydomain structure as well as existence of crystallinity in solid 
and liquid phase, LCPs exhibited superb material properties.  
The anomalous behaviours of LCPs are greatly influenced by shear rate, temperature and 
content of fillers. LCPs exhibited abnormal thermal dependency of viscosity and from this 
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study, clear evidence was found about the shear or frequency range where the viscosity 
increased with temperature. The complex and shear viscosity of LCPs was increased with time 
at low limit of constant frequency.  It was also identified that the rod like molecules of LCPs 
become more crystalline with low constant agitation due to shearing and its crystallinity 
increased up to certain critical shear rate followed by a decrease with further shearing of the 
molecules.  WAXD analysis also indicated the increase of crystallinity with shear. 
The LCPs exhibited shear thinning behaviour from low (nematic) to high (isotropic) shear rate 
region. At high shear rate, molecules aligned to the direction of flow and thus the viscosity 
decreased. However, at the high shear rate region the molecules of filled LCPs were more easily 
oriented than that in the unfilled system. Hence, in the high shear rate region, viscosity of filled 
LCPs decreased more compared to that of the unfilled LCPs.  For filled LCPs, negative first 
normal stress differences were observed in the low shear rate regions. The fiber- fiber 
interactions compete with the elasticity of rigid rod-like molecules of LCPs at low shear rate 
region. Hence, this interaction could suppress the first normal stress difference and lead to 
negative values.  
The zero shear viscosity was calculated using a modified Cross model. There were anomalous 
relaxation behaviours exhibited by LCPs and the Maxwell model showed good agreement with 
stress relaxation data. Moreover, PVT analysis also indicated the exceptional nature of LCPs 
and specific volume for LCPs gradually increased with temperature at constant pressure.   
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Chapter 5 
 
Simulation and Validation of LCP Flow Properties 
 
5.1 Introduction 
Simulation is an attempt to model a process or hypothetical situation so that it can be studied to 
see how the system works. By changing variables in the simulation, predictions may be made 
about the behaviour of the system or flow process. It is a tool to virtually investigate the 
behaviour of the system under study (Banks et al., 2001). In general, the theoretical simulations 
for a flowing process of polymer melt typically require: (1) the governing equations to describe 
the non-isothermal flow dynamics of the polymeric melt; (2) the constitutive equations to 
describe the rheological behaviour; (3) the equation of state to describe the thermodynamic 
properties of polymeric melt; (4) the numerical algorithm to solve the above equations (Kamal 
and Kenig, 1972a, Kamal and Kenig, 1972b, Kamal and Mutel, 1985). For simulation of liquid 
crystal polymers flow, the above steps will be discussed in section 5.3.  
There are plenty of rheological experimental data available for lyotropic LCPs.  Unexpectedly, 
the Doi theory is not capable to describe the most of the lyotropic LCPs as well as thermotropic 
LCPs. Whereas, Leonov’s viscoelastic nematodynamics can be considered for the basic flow of 
polymer nematics (orientation of molecules) with possible aligning and tumbling effects and for 
comparison of the simulations with the experimental data (Leonov and Chen, 2010). 
The abnormal orientation of the molecules of liquid crystal polymers depends upon temperature, 
fillers contents, aspect ratio and elastic nature of LCP molecules.  These behaviours lead to 
unusual rheological properties of LCPs, such as negative first normal stress difference for filled 
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LCPs at low shear rates. But with the increase of shear rate, the molecules are oriented in the 
direction of flow, which leads to isotropic flow at high shear rates. A lot of researches had been 
conducted for the simulation of lyotropic LCPs. However, for thermotropic LCPs only some 
studies have been conducted in the low shear rate region. In the high shear rate region no 
simulation studies have been conducted till now.  The complicated rheological properties and 
characteristic anisotropic properties of thermotropic LCPs are modelled by recently developed 
Leonov’s viscoselastic constitutive equations. The equations will be discussed in the section 5.3. 
Simulation has been carried out using Mathematica software and the characteristic anisotropic 
properties of LCPs have been identified.  
In this study, the shear viscosity and normal stress difference of two filled and two unfilled 
thermotropic liquid crystal polymer (TLCPs) were considered for simulation and experimental 
validation. Detailed anomalous behaviours of thermotropic LCPs were discussed in Chapter 4. 
The experimentally measured viscosities at high shear rate have been compared with model 
predictions. The normal stress differences simulated at high shear rates using Leonov’s model, 
could not be validated by experiments since measurements of normal stress at very high shear 
rate have not been possible  
The injection moulding machine consists of two parts, an injection unit and a clamping unit. 
This simulation focuses on the LCP flows in the injection unit of the injection moulding 
machine. Figure 5-1 represents injection unit (inlet) of an injection moulding machine with 
rectangular mould. As can be seen from the figure 5-1, the flow pattern within a mould will be 
highly dependent on its geometry. In this study only the inlet region has been considered.  
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Figure 5 -  1:  Injection unit of injection moulding machine (Altan et al., July 1990). 
 
5.2 Orientation of LCP Molecule 
 
Molecular orientation is of  central significance in the fields of both polymer science and liquid 
crystal (Donald et al., 2006). The descriptions of rigid rod like liquid crystal molecules involve 
an analysis of order. A tensor order parameter is used to describe the orientational order of a 
liquid crystals, although a scalar order parameter is usually sufficient to describe nematic liquid 
crystals.  
The anisotropic structure (different types of orientation) of molecules can be represented by a 
dimensionless unit vector n called the director i.e. average direction of rods. The unit vector n 
represents the direction of preferred orientation of molecules in the neighborhood of any point. 
Because there is no physical polarity along the director axis, n and -n are fully equivalent 
(Chandrasekhar, 1994). The action of external field or flow causes the orientation of mesogens, 
which induces uniaxial anisotropy, with an additional degree of freedom, the internal rotation 
(Larson, 1999). The directors exhibit tumbling, kayaking and wagging, flow-aligning, or log-
rolling types of motion depending on the applied shear rates.  
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The orientation and direction of LCP molecules depend upon the shear rate. In the low shear 
rate region the molecules exhibit pronounced oscillations and all the abnormal orientation of 
rigid rod like molecules cease with increase of shear rate.  It is also observed that this anomalous 
orientation is enhanced due to the presence of filler. Negative first normal stress differences are 
observed in the low shear rate region of filled TLCPs. These kind of behaviour of LCPs have 
aroused much scientific interest in both theoretical and experimental rheological studies (Tao et 
al., 2006).  
The director of rod like molecules keeps rotating indefinitely along with the shear field. As the 
shear rate increases the ellipsoid shape of flow domain gets deformed. At this stage, the 
molecules tend to rotate perpendicular to the flow axis and Nl becomes negative in these 
conditions. The value of Nl becomes positive again at high shear rate. This will occur when the 
strength of the flow has become so large that tumbling is suppressed altogether, and the 
molecules increasingly align in the shear direction (Marrucci and Guido, 1995).  Prediction of 
negative  N1 was also obtained from the Doi molecular theory for rod-like nematics (Beak and 
Magdaa, 1993). 
 
 
5.3 Evolution of Leonov’s model 
 
The unusual characteristic of LCP molecules described earlier  makes the rheological properties 
of LCPs exceptional compared to conventional polymers. The viscosities of LCPs also exhibit 
abnormal temperature dependency indicating that LCPs are not thermo-rheologically simple 
(Brostow et al., 1999). The distinct nematic phenomenon of low-molecular-weight liquid 
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crystals plays a vital role in determining the rheological properties of LCPs. The viscoelastic 
characteristics of these LCPs are anisotropic and defined by essentially a larger number of 
constitutive scalar parameters.  The experimental determination of these anisotropic properties 
remains a challenging problem. Recently, Leonov (Leonov 2008b, Leonov 2008a, Leonov and 
Chen, 2010) had a significant breakthrough in viscoelastic nematodyanmics. In Leonov’s 
nematodynamics some new theoretical techniques(Leonov 2008b)  were employed to derive the 
simplest form of  the continuum theory of weakly nonlinear viscoelastic nematodynamics.  
Both the continuum and molecular theories dealt with the problem of modelling LCP properties. 
The continuum theories try to establish a general framework with minimum assumptions about 
the molecular structures of LCPs. However, many material parameters related to both the basic 
properties of symmetry and interactions are described by state variables (Leonov and Chen, 
2010). In contrast, the molecular approaches employ very specific assumptions of structure for 
these polymers, but unlike the continuum approaches, operate with few molecular parameters. 
These theories, although well separated, are not contradictory but complementary (Leonov 
2008a).  
Leonov modified his model for the last two decades. The term nematodynamics was first 
introduced by de Gennes and Prost in 1974 (Leonov 2008b). In 2002, Leonov and Volkov, 
proposed  a theory of viscoelastic nematodynamics for nematic liquid crystal polymers (Leonov 
and Volkov, 2002).  This theory is applicable for analyzing flows of concentrated polymer 
suspensions and nano-composites filled with uniaxially symmetric particles. Again, Leonov 
(2005) developed a continuum theory of weak viscoelastic nematodynamics of Maxwell type 
(Leonov  and Volkov, 2005) . The assumption of small transient (elastic) strains and relative 
rotations, employed in the theory, seems to be appropriate for LCP’s with rigid enough 
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macromolecules, and for slow flows of viscoelastic suspensions with uniaxially shaped 
particles.  
Finally, in 2008, Leonov proposed a model of weak viscoelastic nematodynamics. This model 
was developed based on a continuum theory of weak viscoelastic nematodynamics of  Maxwell 
type, which  can describe the molecular elasticity effects in mono-domain flows of liquid 
crystalline polymers as well as the viscoelastic effects in suspensions of uniaxially symmetric 
particles in polymer fluids (Leonov 2008b). The viscoelastic nematodynamics combined the 
viscous and the elastic stresses and expressed them as total stress. Moreover, this model also 
considers some specific problems in LCP. The nematodynamic studies are important for 
processing of nematics and prediction of their post-processing properties (Leonov 2008a). In a 
separate study, Leonov (2008) also developed algebric theory of viscoelastic nematodynamics, 
which describes the detail algebra of nematodynamics as well as the use of Leslie-Ericksen-
Parodi (LEP) approach for viscous nematics and de Gennes free energy for weakly elastic 
nematic elastomers (Leonov 2008a) . 
These assumptions seem to be appropriate for LCPs with rigid enough macromolecules, and for 
slow flows of viscoelastic suspensions with uniaxially shaped particles (Leonov 2008b).This 
theory utilized a specific viscoelastic and nematic kinematics and ignored inertia effects and in 
cases of LCPs, the effects of Frank elasticity (Leonov 2008b). The rigid rod like molecules are 
often called as “self-reinforcing thermoplastic”(Ophir and Ide, 1983). The rheological behaviour 
as well as development of orientation are similar to the short fiber-filled composite . In this 
study, the continuum theory of viscoelastic nematodynamics is considered to be applicable for 
filled LCPs.  
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5.3.1 Problems in LCP Theories 
 
In order to describe the LCP properties theoretically, Leonov (2008) mentioned that some 
specific problems should be addressed. The first is a possible involvement of the Frank elasticity 
(measure of the free energy associated with distortions of the nematic state in which the local 
direction of molecular orientation varies in space (Priest, 1973))  in polymer nematodynamics. 
The second problem is that the multidomain “textures” existing at rest in many nematic LCPs 
affect the slow (low Deborah number) flow of LCPs (Larson, 1999) ,or weak elastic 
deformations of LCEs (Warner and Terentjev, 2003) . The non-equilibrium effects arising in 
textures do not allow ignoring the Frank elasticity effects for LCPs. It looks like the 
monodomain equations valid for the flow of LCPs in relatively strong stress/external fields 
acquired near the equilibrium and some stochastic or periodic properties due to the action of 
Frank elasticity are ignored in monodomain theories (Leonov 2008b). On the contrary, the 
polymer nematics usually forget their textures under action of higher stresses, which results in 
the monodomain description. Stress or external field on isotropic-nematic phase transition can 
create additional problems (Leonov 2008b).  It should be mentioned that neither molecular nor 
continuum theory exists till now for describing complicated properties of thermotropic LCP, 
although  recently many experimental data for this type of LCPs have been accumulated (Chen, 
2008). 
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5.3.2 Leonov’s weak nematic viscoelasticity nematodynamics 
 
The simulations of rheological data in this and following sections are based on the continuum 
theory of weak viscoelastic nematodynamics (Leonov and Chen, 2010, Leonov 2008b, Leonov 
2008a) in absence of any magnetic field. In absence of magnetic field, the theory is reduced to 
the symmetric stress and director. The de Gennes elastic potential (Helmoltz free energy 
density) can be expressed as (Leonov 2008a)  
2
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Here, KG  is moduli (K = 0, 1, 5), n  is director, e  is elastic strain and e  is elastic rotation.  
The equation of symmetric stress can be expressed as  
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Equation (5-2) is the Erickson constitutive equation. The constitutive relations between 
irreversible kinematical variables and stress are of the LEP  (Leslie- Erickson-Parodi) type: 
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Here 
s
  and 
a
  are symmetric and asymmetric stress respectively. The relations between 
Leslie-Erickson parameters 
K  and the “viscosities” K are given as follows: 
3163150443343221 ,,,,,2                           (5-5) 
The closed set of constitutive equations include the equation for the evolution of a unit vector 
n called director and anisotropic constitutive equation for the evolution of extra stress tensors. 
For a general 3D case, the evolution equation for director is presented as follows (Leonov and 
Chen, 2010): 
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And upper circle denotes the Jaumann time derivative (Jauman derivative is the derivative 
measured by an observer whose frame of reference is carried by the medium and rotates with it, 
(Jou et al., 2009)) defined as 
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The evolution of extra stress tensor and director can be written as  
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In equations (5-3) and (5-8), η0 is a characteristic nematic viscosity  and θ* (  θ0 ) are relaxation 
times, λe and λv are the elastic and viscous tumbling parameters, respectively, α, β and r1; r2 are 
characteristic anisotropic properties, nn  is dyadic with components ,, ji nn e and    are 
strain rate and vorticity tensors, respectively, commonly related to the gradient velocity tensor. 
Constitutive equations (5-3) and (5-4) should be consistently used along with the momentum 
balance equation to determine both the stress and the flow fields. In few cases, however, the 
flow field is known. One of these flows, having many practical applications, is simple shearing. 
In this flow, solution of constitutive equations for weakly nonlinear viscoelastic nematodynamic 
can be simplified.   
The shearing flows are commonly analyzed using a standard Cartesian coordinate system 
},,{}{ 321 xxxx   where 1x is directed along the flow and 2x  along the velocity gradient. In this 
coordinate system, the velocity vector 
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Here, the shear rate )(
.
t  is a given function of time. A common simplifying assumption will be 
used that the vector of director would be located in shear plane, so the 2D expression for 
director is }0,,{ 21 nnn . Substituting this expression along with equation (5-6) into evolution 
equation (5-8) yields the evolution for the longitudinal component n1 of director located },{ 21 xx  
shear plane as 
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In steady shearing flow, the matrices of stress  , vorticity   , strain rate e  , director n , dyadic 
nn and the unit tensor  are given as follows(Leonov and Chen, 2010):  
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Equation (5-8) can be rewritten as  
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(5-12) 
 
In simple shearing flow, equation (5-12) can be rewritten in component form as  (Leonov and 
Chen, 2010) 
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            (5-13c) 
Equations 5-13(a) to 5-13(c) describe the time-dependent evolution and steady behaviour of 
extra stress tensor in simple shearing. In case of steady shearing  (Leonov 2008b), the analytical 
expression for horizontal component of director 
1n  was found as 
)
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                                                   (5-14) 
and n2  as 
2
12 1 nn             
Here, D=
*

 , is the flow Deborah number. Equation (5-6) covers both the limiting conditions 
for the director and tumbling parameters. 01n  and 11 n , when 1v , respectively, here 
181 
 
the sign ± corresponds to the ± sign of v . Equation (5-6) shows that in very slow flow when D 
<< 1, the condition for aligning case exists and | v | > 1 coincides with that known for viscous 
(low molecular weight) nematic fluids. However, at higher Deborah number, the model predicts 
the existing of aligning flow situation even if    | v | < 1. Moreover, equation (5-6) shows that 
the director position weakly depends on elastic tumbling parameter e  and strongly depends on 
viscous tumbling parameter v . Although the non-aligning case, r
2 < 1, is not analysed in the 
Leonov’s model, it is assumed that it describes the tumbling effects with self-oscillations of the 
director. Therefore it may be contemplated that the viscoelastic effects in inherently non-
aligning case | v | < 1 may suppress the oscillations and stabilize the shearing flow. Equation (5-
6) demonstrates that shear dependent orientation of director, proportional to | e |, occurs only 
due to the effect of elastic internal rotations. 
As already mentioned, equations (5-13(a)) to (5-13(c)) describe the time-dependent evolution 
and steady behaviour of extra stress tensor in simple shearing. Mathematica software has been 
used to solve those three simultaneous (5-13(a) to 5-13(c)) equations.  
The stress components 12 , 11  and 22   have been expressed as a function of  
.
  with the value 
of other constitutive parameters   ,  , r1, r2, n1 and n2.  The viscosity parameters were 
calculated as 




 12  and the value of first normal stress differences was calculated by            
N1= 11 - 22 .  
The simulation of viscosity and first normal stress difference data and validation with 
experimental measurements will be discussed in section 5.4.  
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5.4 Simulation steps for Leonov’s viscoelastic nematodynamics 
 
It is more difficult to determine the nonlinear parameters from experimental measurement 
(Heuzey, 1999). The parameters that are related to shear behaviour can be easily determined by 
measuring shear viscosity. In contrast for the parameters related to extensional behaviour or 
normal stresses, the available experimental data are quite limited. In consequence, important 
parameters in a viscoelastic constitutive equation are often determined by fitting the viscosity 
curve and the few available data for first normal stress difference in shear at low strain rates. 
Inadequate parameter evaluation can result in poor predictions if it was tried to simulate typical 
processing conditions, where deformations tend to be complex, large and rapid in any event.  
There are a large number of unknown parameters in the model of continuum or molecular 
theories. A lot of problem has been encountered during modelling of rheological properties of 
liquid crystalline polymers using those theories. In the present work, the simulation works for a 
recently developed weak viscoelastic nematodynamics have been carried out based on the 
assumption of smallness of elastic (transient) strains and elastic relative rotation. The model 
parameters were determined by solving the constitutive equations as demonstrated by Leonov 
(2010) (Leonov and Chen, 2010). Moreover, the model predictions have been validated by 
comparing with the existing experimental data.  
Considering the steady state conditions, ( 0/ t ) the three differential equations (5-13a to 
5-13c) can be rewritten as follow: 
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Equations (5-15) to (5-17) have been solved in simple steady state shear flow using 
“Mathematica” software (Leonov and Chen, 2010). The stress components are expressed as 
function of shear rate 
.
  with the values of constitutive parameters verr  ,,,,,, 210  and 0 . 
Here 0  and 0  represent relaxation time and zero shear viscosity respectively. The other 
parameters ve and represent the tumbling for elasticity and viscosity. Rest of the 
characteristic parameters 21,,, rr  represent anisotropic properties of liquid crystal polymers. 
Rod like molecules tumble and oscillate under shear flow and r1 and r2 represent the oscillation 
during tumbling.  Among the eight parameters, only relaxation time and zero shear viscosity are 
determined from experimental data. The other six parameters can be obtained from curve fitting 
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data using the Mathematica software. Given the values of anisoropic properties and using 
equation (5-14), the projection of directors n1 and n2 can be obtained. 
After getting a set of model parameters, the viscosity and first normal stress difference for a 
given shear rate
.
  can be measured.   When there was a big deviation between the experimental 
data and simulated results, the parameters were changed. Recalculations were continued till a 
good enough agreement was reached for both experimental values of viscosity and first normal 
stress differences.  Figure 5-2 represents the flow chart for optimization of the constitutive 
parameters. 
 
Figure 5 -  2: Flow chart for the optimization of model parameters. 
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5.5 Model Parameters for LCPs 
 
The steady shear experiments were carried out for four LCP samples at the low and high shear 
rate region. For low shear experiments, the shear rate considered was between 0.01 s-1 to 10 s-1 
because in the parallel plate geometry, slippage occurred at  shear rate above 10s-1. The high 
shear rate range was approximately from10 s-1 to 6000 s-1.  Most of the abnormal behaviours of 
LCPs are observed in the low shear rate region. In this region, tumbling of molecules, 
overshoots, negative first normal stress difference and abnormal temperature dependencies were 
observed.  The flow in the low shear rate region can be described as anisotropic flow. On the 
other hand, at the high shear rate region, all the abnormal rotation of rod like molecules are 
suppressed and molecules are aligned to the flow directions. In this region the flow can be 
expressed as isotropic flow. 
Figures (5-3) to (5-6) represent the experimental viscosity values and the viscosities from model 
predictions at the high shear rate region. It is observed that in the high shear rate region (10 -
2000 s-1) the model predictions show a good fit with the experimental data. In contrast for filled 
LCPs, at a very high shear rate (above 2000 s-1) this model predicted more shear thinning 
behaviour compared to the experimental data.  
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Figure 5 -  3: Shear viscosity of LCP A Filled at high shear rate @ 350 0C (♦), 360 0C (▲) and 
solid line for simulated data. 
 
 
 
Figure 5 -  4:  Shear viscosity of LCP A Unfilled at high shear rate @ 350 0C (♦), 360 0C (▲) 
and solid line for simulated data. 
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Figure 5 -  5: Shear viscosity of LCP B Filled at high shear rate @ 330 0C (♦), 340 0C (▲) and 
solid line for simulated data. 
 
 
 
Figure 5 -  6: Shear viscosity of LCP B Unfilled at high shear rate @ 330 0C (♦), 340 0C (▲) 
and solid line for simulated data. 
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Experimental parameters i.e. zero shear viscosity ( 0 ) and relaxation time ( 0 ) are required for 
simulation. The detail procedures for determining zero shear viscosity and relaxation time were 
discussed in Chapter 4. The zero shear viscosity ( 0 ) and relaxation time ( 0 ) data have been 
collected from Table 4-6 and 4-7 respectively.  Table 5-1 represents zero shear viscosity and 
relaxation data at different temperatures. From the software, the stress components have been 
expressed as function of shear rate 

  with the values of constitutive parameters 
verr  ,,,,,, 210  and 0 . To get the best fit curve it is required to optimize the other six 
constitutive parameters (except 0 and 0  ).  The initial values of the model parameters have 
been determined by curve fitting with the steady shear flows from the experimental data for 
non-Newtonian viscosity    and Ν1 as functions of  

  solving the best fit curve method using 
Mathematica software (Leonov and Chen, 2010). For a set of measured data 
verr  ,,,,,, 210 and 0 , the values of shear viscosity and first normal stress differences 
have been calculated by Mathematica using the equations (5-15 to 5-17) mentioned earlier. 
When significant differences were observed between the experimental and simulated 
measurement, the model parameters were changed (following the Figure 5-2) until a good 
enough agreement was achieved. 
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Table 5. 1: Zero shear viscosity and relaxation time for LCPs 
 
Materials Zero shear 
viscosity (Pa.s) 
Relaxation time (sec) 
LCP-A Filled @ 350 0C 366210 233.90 
LCP-A Filled @ 360 0C 156805 198.35 
LCP-A Unfilled @ 350 0C 68725 156.23 
LCP-A Unfilled @ 360 0C 25629 116.28 
LCP-B Filled @ 330 0C 164321 202.36 
LCP-B Filled @ 340 0C 55843 178.57 
LCP-B Unfilled @ 330 0C 20412 137.45 
LCP-B Unfilled @ 340 0C 10804 109.23 
The optimal model parameters ( verr  ,,,,, 21 ) for LCPs are given in table 5.2 
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Table 5. 2: Model parameters for LCPs. 
 
 
Materials 
    
1r  2r  e  v  
LCP-A Filled @ 350 0C 
and @ 360 0C 
1.92 2.42 2.10 3.38 2.58 1.97 
LCP-A Unfilled @ 350 0C 
and @ 360 0C 
2.21 3.01 1.81 2.15 1.32 1.82 
LCP-B Filled @ 330 0C 
and @ 340 0C 
1.70 2.60 1.93 1.18 1.92 2.08 
LCP-B Unfilled @ 3300C 
and @ 340 0C 
2.19 3.85 2.78 1.26 1.03 2.15 
 
 
 
 
Figures 5-7 to 5-10 represent the experimental first normal stress difference values and the  
values from model predictions. It is observed that for filled system, in the low shear rate region 
LCP molecules exhibit negative first normal stress difference. For both the filled LCPs, the 
values become positive after 10 s-1.  
Due to enormous measurement difficulties, the elasticity of melt polymeric systems has not been 
studied to the same extent as shear measurements (Dealy and Wissburn, 1990, Shenoy, 1999). 
Some of the common methods of evaluation of the elasticity include normal force 
Paramete
r 
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measurements, capillary flow entrance pressure drop and extrudate swell. One approach to 
measure the elasticity of melt polymers in steady shear experiment is to measure the N1 of the 
samples. 
 The negative first normal stress difference (N1) could not be predicted by Leonov’s 
nematodynamics model.  The values of N1 for filled LCPs are shown as a trend beyond 10 s
-1
.   
 
 
  
Figure 5 -  7: First normal stress difference of LCP A Filled at 350 0C. 
Trend Line 
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Figure 5 -  8:  First normal stress difference of LCP A Unfilled at 350  0C. 
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Figure 5 -  9: First normal stress difference of LCP B Filled at 330 0C. 
 
 
Trend line 
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Figure 5 -  10: First normal stress difference of LCP B Unfilled at 330 0C. 
 
The experimental trend for both filled LCPs indicated good agreement with the simulation data. 
For unfilled LCPs, the N1 values were calculated from model predictions. Good agreement is 
observed between experimental data and model predictions for unfilled LCPs for the entire 
shear rate region (Figures 5- 8 and 5-10).  
 
In the low shear rate region the model prediction did not compare well with the experimental 
viscosity data.  Leonov’s model has been developed based on the monodomain approach. The 
polydomain effects are especially pronounced at the initial stage of start-up flow when the 
existed texture at rest is destroyed by the growing stresses. The defects of LCPs are pronounced 
in the low shear rate region. The anisotropic flow at the low shear rate region is a matter of 
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consideration for modelling of rheological parameters. The phase transition from nematic to 
isotropic phase also plays a vital role in the model prediction.  
Incorporating fibers to either a Newtonian or non-Newtonian fluid can have a remarkable effect 
on both the shear and shear-free flow rheological behaviour of that fluid (Eberle et al., 2008). 
For unfilled Newtonian fluids, both N1 and N2 are equal to zero (Eberle et al., 2008). On the 
other hand, filled Newtonian fluids exhibit significant values of N1.The magnitude of first 
normal stress difference  also correlates with the concentration, aspect ratio of fibre as well as 
the elastic behaviour of the matrix (Ramazani et al., 2001). In Figures 5 - 7 and 5 - 9, both the 
filled TLCPs exhibit negative first normal stress differences till 10 s-1.  The anomalous 
orientations of rod like molecules of TLCPs are enhanced by the presence of filler. This 
negative value of N1 occurs due to the microstructural reorganization of the fillers and liquid 
crystal polymer matrix. The reorganization can be correlated with the ellipsoid at domain of 
LCP molecules (Marrucci and Guido, 1995) and with a preferred value of the average collision 
(between LCP matrix and filler) angle θav = π/4 ± π/2 in the direction opposing the shear 
(Meheboob and Luding, 2002).   
At low shear rates, the interaction between the fibers compensates the force attempting to align 
the fibers with flow. In consequence, substantial resistances to deformation is observed.  
Moreover, fibre- fibre interactions compete with the elasticity of rigid rod like molecules at low 
shear rate region. Hence, this interaction seems to suppress the normal stress and leads to 
negative values. The interactions between fibres as well as disorderly structures formed by 
fibres are overcome with  increasing  shear (Kamal and Mutel, 1985).  
For better understanding of sign-reversal of N1, the first normal stress difference can be divided 
into two components(Meheboob and Luding, 2002). One component is the kinematic 
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component ( KN1 ) and the other component is collision component (
CN1 ), which is responsible 
for collision between particles. Both the components depend on the shear, size and density of 
particles. In the low shear rate region, the collision component is dominant compared to the 
kinematic component. With the increase of shear, the size of the fibers gets reduced and the 
small size of the fibers starts to rotate uniaxially with the rod like of LCP molecules. Hence, the 
value of kinematic component increases and the sign of N1 become positive.  
The values of six constitutive parameters verr  ,,,,, 21  are presented in table 5.2 for both 
the filled and unfilled LCP-A and LCP-B. The first four parameters ( 21,,, rr ) represent the 
anisotropic characteristic of rigid rod like molecules of LCPs.  It is observed from table 5.2, that 
the values of all four anisotropic parameters of filled LCPs (LCP-A and LCP-B) are mostly 
smaller than those of unfilled LCPs.  These results indicate that the characteristics anisotropy is 
reduced with the incorporation of fibers.  The values of other two parameters 
ve and  (tumbling component for elasticity and viscosity respectively) for filled LCPs are 
higher than those of unfilled LCPs. In general, the viscosity of filled LCPs is higher compared 
to that of unfilled LCPs and this result can be correlated with the higher value of v .  The filled 
LCPs exhibited negative first normal stress differences in the low shear rate region, which can 
be linked to the higher value of tumbling parameter of elasticity e . 
 
It is observed, for both filled TLCPs, that the value of N1 starts to increase after certain shear 
rate. Some researchers also proved that the incorporation of short fibre is responsible for 
increasing first normal stress differences (Ramazani et al., 2001, Litchfield and Baird, 2006, 
Eberle et al., 2008). In addition, positive values of N1 are observed for unfilled LCPs. Negative 
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value of N1 is usual for lyotropic LCPs. In contrast, the negative N1 for thermotropic LCPs is 
very unusual(Baek et al., 1994, Baek et al., 1993).  
5.6 Rectangular Hyperbola Model of First Normal Stress Difference of LCPs 
 
A  rectangular hyperbola model (equation (5-17)) was successfully used by this author and co-
workers to fit the experimental N1 data of polylactic acid- nano graphite platelets (Narimissa et 
al., 2013) . The same approach has been used to fit the experimental N1 data of unfilled LCPs. 





2
1
1 ),(
P
P
wN                                                                           (5-17) 
Where, P1 is the N1 asymptote, i.e. the value of N1 at infinite time when N1 approaches a plateau, 
and P2 is the stress asymptote, i.e. the value of stress at zero-first normal stress difference region 
( 01N at 10> σ >30 Pa).  
It is evident that P1 is a function of mass fraction (w) whereas P2 is independent of w and it 
could signify the inherent characteristics of the polymeric matrix. Thus: 




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wP
wN                                                                                     (5-18) 
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Figure 5 -  11: First normal stress data of LCP A Unfilled fitted by hyperbolic model. 
 
Figure 5 -  12: First normal stress data of LCP B Unfilled fitted by hyperbolic model. 
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Figures 5-11 and 5-12, demonstrate the application of the proposed rectangular hyperbola model 
on unfilled LCP samples as a function of shear rate. The results exhibited a satisfactory 
agreement between the experimental data and the hyperbolic model for unfilled samples in both 
low and high shear rate regions. As illustrated in Figures 5-11 and 5-12, the precision and level 
of fitting of this model significantly increased as the magnitude of the shear rate increased.  This 
could be attributable to the alignment of rod-like LCP molecules in the direction of flow at 
higher shear rate region and subsequently its lower rheological impact compared to that of the 
effect due to hydrodynamic flow.  
5.7 Summary 
 
Until now limited amount of research has been conducted for the modelling of liquid crystal 
polymers at high shear rate. The available theories such as Leslie-Ericksen theory and Doi 
theory for LCPs are not suitable to model the rheological behaviour of thermotropic LCPs. The 
Leonov model of weak viscoelastic nematodynamics combines the de Gennes-type elastic 
potential and the LEP viscous nematodynamic approach in one constitutive equation. 
Particularly this theory is modelled by a set of quasi-linear anisotropic viscoelastic constitutive 
equations with anisotropy described by a director, whose viscoelastic evolution is coupled with 
the constitutive equation. The numerical simulation for the flow of four LCPs has been carried 
out and the model parameters for four LCPs have been determined, which are highly dependent 
on the structures of liquid crystal polymer molecules. The predicted viscosities have been 
compared with experimentally measured viscosity data, indicating a good fit in the shear rate 
range of 10 to 2000 s-1. A model prediction of negative normal stress difference for LCPs is not 
available. However, the trend of the experimental data, as it approached positive N1, at high 
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shear rate showed good agreement with the simulated data. For unfilled TLCPs, good 
comparison has been observed between the simulated values of N1 and positive experimental 
data. Moreover, use of this model is also possible to predict the first normal stress difference at 
the high shear rate region. A rectangular hyperbola model fitted well with the first normal stress 
data of LCPs.  
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Chapter 6 
     Conclusions and Recommendations 
6.1 Morphological and Rheological properties   
 
From the morphological and rheological studies of the LCPs the following conclusions are 
made:  
 ESEM studies revealed the change of aspect ratio of fibers and orientation of fibers at 
different shear rate.  
 Dynamic shear rheology and DSC measurements confirmed the nematic and isotropic 
phase transition temperature of LCPs.  
 The dynamic rheological measurements, i.e. storage and loss moduli were used to 
determine the molecular weight distribution (MWD) of LCP–A unfilled and LCP-B 
unfilled. LCP-A has a higher molecular weight tail and molecular weight distribution 
(MWD) in comparison to that of LCP-B. The broad MWD in LCP-A and a second peak 
at high molecular weight is likely to indicate the presence of branching within the main 
chain of LCP. From Fourier Transform Infra-Red (FTIR) analysis, the existence of 
branching (side chain) in LCP-A  was also observed 
 LCP molecules exhibited different types of orientation at different shear rate i.e. at the 
low shear rate anisotropic flow and at high shear rate isotropic flow. 
 The complex viscosity of LCPs increased with temperature till a certain range of 
frequency. In literature, no clear evidence was found about the shear or frequency range 
where the viscosity increases with temperature. From this study, it can be concluded that 
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the nematic-isotropic phase transition occurred only at low shear rate region with the 
increase of temperature. 
 For LCPs, the modulus depends on the degree of crystallinity. The degree of crystallinity 
for LCPs also changed with the variation of frequency as well as temperature. The 
amorphous portions go through the glass transition, but the crystalline portion remains 
hard. Thus a composite modulus is found for LCPs. 
 Power-law dependence of viscosity was observed throughout the wide range of shear 
rate for LCPs. 
 Incorporation of fillers also changed the rheological properties of LCPs drastically. In 
the low shear rate region, the filled LCPs exhibited higher viscosity compared to unfilled 
LCPs. However, in the high shear rate region (shear rate > 2000 s -1) the viscosity of 
filled LCPs showed more shear thinning behaviour compared to the unfilled LCPs due to 
rheological hybrid effects.   
 Filled thermotropic LCPs exhibited negative first normal stress difference in the low 
shear rate region. 
 The model predictions for stress relaxation showed good agreement with experimental 
moduli data except for the low frequency region. 
 Pressure-volume-temperature (PVT) analysis also indicated the exceptional nature of 
LCPs and specific volume for LCPs gradually increased with temperature at constant 
pressure. 
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6.2 Crystalline properties of LCPs 
 
The abnormal orientation and architecture of LCP molecules lead to continually increasing 
crystalline phase of LCP molecules at constant shear rate under isothermal condition. From 
this study, it was also identified that the rod like molecules of LCPs become more crystalline 
with low constant agitation of shearing i.e. its crystallinity increased up to certain critical shear 
rate and followed by decrease with further shear of the molecules.  WAXD analysis also 
indicated the increase of crystallinity with shear. 
6.3 Simulation of LCPs 
 
Leonov viscoelastic nematodynamics model was chosen for rheological simulation of TLCPs. 
The simulated viscosities have been compared with experimentally measured viscosity data, 
indicating a good fit in the shear rate range of 10 to 2000 s-1. In the low shear rate region, the 
model predictions for negative normal stress difference are not well fitted for filled TLCPs. For 
unfilled TLCPs, good comparison has been observed between the simulated values of N1 and 
the experimental data.  A rectangular hyperbola model fitted well with the first normal stress 
data of LCPs.  
6.4 Contribution to this research 
 
The following are considered to be significant contributions of this research: 
 A clear understanding about the phase transition of TLCPs, which  simultaneously 
depends on temperature and shear rate. 
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 It is demonstrated that viscosity of filled LCP is more shear thinning compared to that of  
unfilled LCP particularly at high shear rate 
 Negative first normal stress difference behaviour has been established for filled TLCP in 
the low shear rate region. 
 Simulation of  N1 for TLCPs at high shear rate and prediction of N1 data at high shear 
rate has been obtained. Good comparison has been made between predicted N1 and 
experimental N1 values for unfilled LCPs. A rectangular hyperbola model has been fitted 
to these data. 
 6.5 Recommendation for future works  
 
Based on theoretical and experimental findings in the present study, the following future studies 
are recommended:  
 Detailed rheological study in the region of nematic-isotropic phase transition is required.  
  Leonov model didn’t consider the nematic-isotropic phase transition. For proper 
modelling the flow parameters of LCPs, Leonov’s model may be upgraded including the 
phase transition. 
 The orientation and morphology of LCPs varied with temperature and shear. It is not yet 
clear, at what range of shear rate the model can be applicable. 
  In the low shear rate region anisotropic orientation observed and Leonov’s viscoelastic 
nematodnamics did not fit well. Further investigation is required to fit the model 
throughout the wide range of shear rate. 
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 Leonov model has been developed on the monodomain approach of LCPs .The 
polydomain effects are especially pronounced at the initial stage of start-up flow where 
the texture  at rest is destroyed by the growing stresses (Leonov and Chen, 2010). The 
polydomain extension of the theory should be developed to describe experimental data 
properly. 
 Further detailed study is required regarding time dependent rheological behaviour and 
shear induced crystallization process of LCPs. 
 The present simulation study can be extended to include different geometies of mould. 
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Appendices 
A 
 
Figure A1:  Linear viscoelastic data of LCP A Filled @ 360 0C and frequency 10 rad/s. 
 
Figure A2:  Linear viscoelastic data of LCP A Unfilled @ 350 0C and frequency 10 rad/s. 
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Figure A3:  Linear viscoelastic data of LCP A Unfilled @ 360 0C and frequency 10 rad/s. 
 
 
Figure A4:  Linear viscoelastic data of LCP B Filled @ 330 0C and frequency 10 rad/s. 
. 
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Figure A5:  Linear viscoelastic data of LCP B Filled @ 340 0C and frequency  10 rad/s. 
 
 
Figure A6:  Linear viscoelastic data of LCP B Unfilled @ 330 0C and frequency  10 rad/s. 
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Figure A7:  Linear viscoelastic data of LCP B Unfilled @ 340 0C and frequency 10 rad/s. 
221 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
222 
 
 
Appendix B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
223 
 
 
 
 
Appendix B1 
Steady Shear Viscosity 
 
Equations (5-15) to (5-17) have been solved in simple steady state shear flow using 
“Mathematica” software (Leonov and Chen, 2010). The stress components
12 , 11  and 22   
have been expressed as a function of  
.
  and other constitutive parameters   ,  , r1, r2, n1 and 
n2.  The viscosity is calculated as 




 12  
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Appendix B2 
 
 
First Normal Stress Difference N1 
 
Equations (5-15) to (5-17) have been solved in simple steady state shear flow using 
“Mathematica” software (Leonov and Chen, 2010). The stress components 12 , 11  and 22   
have been expressed as a function of  
.
  and other constitutive parameters   ,  , r1, r2, n1 and 
n2.  The First Normal Stress Difference N1  is calculated as  N1= 11 - 22 . 
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